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Abstract
The central goal of this thesis work is to fabricate novel, functional fluorescent
nanostructures in confined systems offered by phospholipid membranes, which are
known to have highly ordered, thermotropic and lyotropic structures. In separate
approaches, we have used three different lipid systems: multilamellar planar lipid
membranes, unilamellar vesicular membranes as well as lipid monolayers for the de-
velopment of functional fluorescent nano-, micro- and meso-scopic structures. Tech-
niques like fluorescence microscopy, single particle imaging, electron microscopy,
electron diffraction were used to achieve fundamental understanding of the resulting
structures.
Multilayer stacks of phospholipid membranes have been used as an effective template
for the growth of high aspect ratio fluorescent nanowires. The room temperature
synthesis was achieved in the confined nanometer-sized interlamellar water space
of lipid multilayers where supersaturating CdCl2 concentrations were induced by
acidification leading to controlled unidirectional growth of nanowires. The possibil-
ity to render the nanowires fluorescent by doping with CdS quantum dots (QDs)
and the light waveguiding along hundreds of micrometers together with the possi-
bility of lateral manipulation make these nanowires attractive candidates for future
optoelectronic applications.
Novel organic-inorganic functional nanocontainers have been designed and tested by
making use of vesicle forming lipid bilayers in combination with semiconductor QDs.
Hydrophobic QDs can be integrated into bilayers of lipid vesicles and such lipid/QD
hybrid vesicles are capable to fuse with live cells, thereby stain the cell’s plasma
membrane selectively with fluorescent QDs and transfer the vesicle’s cargo into the
cell. Modification of the membrane of such hybrid vesicles on the other hand, made
them capable to enter the cytoplasm of live cells. Additionally, these hybrid vesicles
were found extremely useful for long-term model membrane imaging studies. The
results described in this thesis imply that cell and lipid membranes can integrate
any kind of hydrophobic nanoparticle whose size matches the membrane thickness,
opening novel possibilities to manipulate them as individuals or in ensemble with
wide-ranging applications for nanobiotechnology.
xi
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In a further step, the ability of phospholipid molecules to exhibit lamellar to non-
lamellar transition using external stimuli enabled a directed self-assembly of QDs
into mesoscale fluorescent structures. An easy and versatile method for the sur-
face modification of TOPO coated CdSe QDs using 1,2-dipalmitoyl-sn-glycero-3-
phosphatidic acid (DPPA) have been achieved. DPPA predominantly form non-
lamellar phases when dispersed in water, for example, upon addition of Ca2+ or at
a pH below 6 are known to form hexagonal II phases. This particular property of
DPPA has been exploited to form mesoscale self-assemblies of QD based structures
both in solution and in confined systems. Potential applications include the detec-
tion or removal of Ca2+ ions in attoliter volumes, the construction of functional
devices where QDs are reversibly organized in different forms as well as use of flu-
orescently labeled DPPAmolecules for cellular studies using fluorescence microscopy.
Keywords: Nanotechnology · Nanoparticles · Quantum dots · Lipid membranes ·
Self-assembly · Vesicles · Cell targeting · Membrane staining · Hybrid materials ·
Template synthesis · Nanostructures
Version abre´ge´e
Le but principal de cette the`se e´tait la fabrication de nouvelles nanostructures fluo-
rescentes et fonctionnelles en syste`me confine´. Les membranes de phospholipides ont
e´te´ choisies come matrices en vertu du haut niveau de leur organisation et de leurs
proprie´te´s thermotropiques et lyotropiques. Nous avons utilise´ trois diffe´rents ar-
rangements de mole´cules lipidiques, a` savoir des membranes lipidiques planes multil-
amellaires, des membranes de ve´sicules unilamellaires et des monocouches lipidiques
pour le de´veloppement de structures nano- micro- et mesoscopiques fluorescentes et
fonctionnelles. Des me´thodes comme la microscopie de fluorescence, l’imagerie de
mole´cules uniques, la microscopie e´lectronique et la diffraction e´lectronique ont e´te´
utilise´es pour obtenir une compre´hension a` un niveau fondamental des structures
obtenues.
L’empilement de couches lipidiques constitue un “template” efficace pour la crois-
sance de fils (fibres) nanoscopiques ayant un rapport longueur/ diame`tre partic-
ulie`rement e´leve´. Les parties aqueuses entre les couches lipidiques de´finissent un
espace confine´ d’e´paisseur nanome´trique qui permet la croissance controˆle´e des fils
nanoscopiques dans une direction. Cette synthe`se s’effectue a` temperature ambiante
en provoquant des concentrations supersature´es de CdCl2 par acidification. Les
structures obtenues peuvent eˆtre manipule´es late´ralement et sont particulie`rement
inte´ressantes pour des applications en optoe´lectronique du fait de proprie´te´s telles
que la fluorescence apre`s un dopage avec des points quantiques CdS ou le guidage
d’onde sur des centaines de microme`tres.
Des nouveaux nanocontainers fonctionnels compose´s d’e´le´ments organiques et mine´ra-
ux ont e´te´ re´alise´s a` partir de bicouches lipidiques et de points quantiques. Des points
quantiques hydrophobes peuvent eˆtre inte´gre´s dans des bicouches lipidiques. Les
ve´sicules hybrides (HV) ainsi forme´es peuvent fusionner avec des cellules vivantes,
marquer les membranes cellulaires de manie`re se´lective (avec des points quantiques
fluorescents) et transfe´rer le contenu des ve´sicules a` l’inte´rieur des cellules. Une
modification de la membrane des HV les rend capables de pe´ne´trer dans le cyto-
plasme des cellules vivantes. De plus, ces HV se sont re´ve´le´es extreˆmement utiles
pour l’imagerie a` long terme de membranes mode`les. Les re´sultats de´crits dans
xiii
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cette the`se montrent que les membranes lipidiques d’une cellule ou d’une ve´sicule
sont a` meˆme d’inte´grer les nanoparticules hydrophobes dont la taille correspond a`
l’e´paisseur de la membrane. Cette localisation permet la manipulation individuelle
ou collective des nanoparticules et ouvre de nouvelles voies en biotechnologie et en
nanotechnologie.
De plus, la possibilite´ d’induire, par stimulation externe, la transition d’un ar-
rangement phospholipidique de phase lamellaire en phase non-lamellaire permet
l’autoassemblage dirige´ des points quantiques dans des structures fluorescentes de
taille me´soscopique. Une me´thode e´le´gante et versatile de modification de points
quantiques CdS recouverts de TOPO a e´te´ e´tablie en utilisant le phospholipide
DPPA. Ce phospholipide forme principalement des phases non lamellaires dans l’eau
qui peuvent se transformer en pre´sence de Ca2+ ou a` des pH infe´rieurs a` 6 en phases
hexagonales de type II. Cette proprie´te´ particulie`re du DPPA a e´te´ exploite´e dans la
formation d’autoassemblages de structures contenant des points quantiques a` la fois
en solution et dans des syste`mes confine´s. Les applications potentielles englobent la
de´tection ou la suppression de ions Ca2+ dans des volumes de l’ordre de l’attolitre,
la construction de dispositifs fonctionnels ou` les points quantiques sont organise´s
de manie`re re´versible dans des formes diffe´rentes ainsi que l’utilisation de mole´cules
marque´es de DPPA pour des analyses cellulaires.
Mots cle´s: Nanotechnologie · Nanoparticules · Quantum dots ·Membranes lipidiques
· Auto-assemblage · Ve´sicules · Ciblage cellulaire · Marquage membranaire · Mate´ri-
aux hybrides · Synthe`se guide´e · Nanostructures
Chapter 1
Introduction
1.1 Nanotechnology
“A biological system can be exceedingly small. Many of the cells are very
tiny, but they are very active; they manufacture various substances; they
walk around; they wiggle; and they do all kinds of marvelous things - all on a
very small scale. Also, they store information. Consider the possibility that
we too can make a thing very small which does what we want - that we can
manufacture an object that maneuvers at that level.” *1
Nanotechnology is the branch of modern science, which deals with the fabrica-
tion and/or the use of physical, chemical, and biological systems at nanoscales (1
nm=10−9m or in other words about one eighty thousandth the width of a human
hair) i.e., scales ranging from individual atoms or molecules to submicron dimen-
sions, as well as the integration of the resulting nanostructures into larger systems
(Fig. 1.1). Areas such as electronics, healthcare, biotechnology, information tech-
nology, and materials science are believed to gain from the technological output
of nanotechnology. Nanotechnology is also considered as next industrial revolution
after information technology [1].
There are two main approaches to obtain nanostructured materials. The so-called
“bottom-up”approach that deals with the chemical route of fabrication as well as the
“top-down” approach, which the microtechnology has been dealing with, in order to
make tiny, smart microelectronic device parts. In the bottom-up strategy, nanofab-
rication is performed at molecular level through the interactions and assembly of
chemical and/or biological entities (Fig. 1.2) resulting nanostructures ranging from
1From the talk “There’s Plenty of Room at the Bottom”, delivered by Richard P. Feynman at
the Annual Meeting of the American Physical Society at the California Institute of Technology on
December 29, 1959. *taken without modification from [1]
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Figure 1.1: Scheme of scale of things. Illustration of the size of matter that
nanotechnology deals with. The natural systems (left) and the manmade systems
(right) correlates the dimensions at the nano/microscales (middle) (taken from [1]).
Figure 1.2: Bottom-up meets top-down. Conventional top-down approach
can go down to a maximum of only 100 nm whereas the bottom-up can create
materials in the range of few A˚ to lower nm regime. The gap between the two (ie.,
10-100 nm) can be addressed by biomolecules as well as colloids (taken from [2]).
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few A˚ to few nm. The top-down strategy, on the other hand, through photolithog-
raphy and microcontact printing, can address micro/nanoscopic materials from few
mm down to 100 nm (Fig. 1.2) [2]. Irrespective of the strategy of fabrication, these
materials show extremely novel and interesting properties at smaller length scales.
Such unique properties are mainly due to the high surface/volume ratio as well
as the quantum confinement effects at lower nm scale regime that include optical,
magnetic as well as electronic materials for applications in nanotechnology.
Though Feynman has envisioned the importance of an interdisciplinary research
to create functional devices at tiny length scales already in 1959, until late 1980s
the scientific research have been conducted under clear-cut separate branches of
science such as chemistry, physics, biology etc. In the early nineties though, when
nanomaterials attracted the attention of researchers working in diverse fields of
science and technology, the importance of an interdisciplinary research activity has
came-up.
Figure 1.3: Interdisciplinary nature of nanotechnology. The importance
and contributions of main branches of nanotechnology is illustrated here. Both
materials science and biotechnology keeps chemistry as the key discipline as when
it comes to the molecular level, it ties one way or other to chemistry (taken from [2]).
Thus, what we see today in modern nanotechnology is an assembly of different
disciplines under one umbrella. Fig. 1.3 illustrates the major disciplines that nan-
otechnology deals with. Despite the three important branches of science shown,
many other disciplines such as physics, electronics, computational science etc have
profited each other through the inevitable contribution in the development of mod-
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ern nanotechnology, which eventually will result in smart, functional nano devices
of the future.
1.2 Nano-biotechnology
Nano-biotechnology is, as the name implies, the application of nanotechnology in
life sciences and has shown already its impact on diagnostics and drug delivery ap-
plications. Nano-biotechnology enables the diagnosis at molecular level and some
of the nano components has been incorporated in the current molecular diagnostic
tools such as nanobiosensors and biochips. Although there are some safety concerns
about the in vivo use of nanoparticles, studies are currently in place to determine
the nature and extent of adverse effects. Future prospects for the application of
nano-biotechnology in healthcare and for the development of personalized medicine
appear to be excellent as it will extend the limits of current molecular diagnostics
and may potentially enable point-of-care diagnosis. Although the potential diag-
nostic applications are unlimited, most important current applications are foreseen
in the areas of biomarker research, cancer diagnosis and detection of infectious mi-
croorganisms. Fig. 1.4 shows the rapid developments that have achieved in the last
few years in the field of nano-biotechnology.
Figure 1.4: Evolution of nano-biotechnology. From 2002 onwards, the nano-
biotechnology has evolved in an incredible momentum. Indeed, the first successful
applications were the use of QDs for labeling of biomolecules in-vitro, which as of
now has developed to a stage where scientists have developed biobatteries as well
as artificial retina that can be used in-vivo.
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1.3 Materials in nano-biotechnology
Nanoparticles (NPs), such as metallic and magnetic NPs and semiconductor quan-
tum dots (QDs) (broadly classified as nanocrystals; see 1.4) are the most widely used
inorganic components in nano-biotechnology. It has been shown recently that car-
bon nanotubes (CNTs) can be used as an effective drug-delivery vehicle. This, as a
supplement to the already developed liposomal as well as polymeric vesicle drug de-
livery systems, will increase the potential role of nanomaterials in advanced medical
applications. The organic components in nano-biotechnology, i.e., the biomolecules,
are inherently “nano”with respect to their dimension. Oligonucleotides (3 nm), pro-
teins (1-10 nm range), retrovirus (100 nm), open plasmid DNA (>100 nm range),
etc have already been found useful in nano-device construction that may find po-
tential biomedical applications. In most cases, the biomolecules were used either
as a template (removable) or as one of the components (hybrid) for the produc-
tion of high-quality functional nanomaterials. Section 3.2.1 of this thesis explains
more about the template synthesis whereas the preceding section (1.3.1) outlines
the state-of-the art in the organic-inorganic hybrid materials research.
1.3.1 Organic-inorganic hybrid materials
Organic-inorganic hybrid materials represent a new class of functional composite ma-
terials derived from crystalline nanomaterials in combination with soft organic/bio
molecules [3]. Several approaches have been put in place including biomineralized
growth of hybrid materials [4], [5], [6], [7], [8], polymer based organic-inorganic hy-
brids [9], [10], photosensitive polyimide/silica hybrid optical materials [11] as well
as organized colloidal NPs using organic molecules [9], [12]. These methods result
hybrid inorganic-organic materials with unique and optimized properties and hier-
archical order over extended length scales [13]. Insertion of double-stranded DNA
(ds-DNA) alternating copolymers into the inner space of a multi-walled carbon nan-
otube (MWNT) with a sufficiently large diameter has been reported by Iijima et
al. clearly reveal the DNA-encapsulation through an open-end of a tube and also
the DNA-wrapping on the outside-surface of a tube [14] thus making it biocompati-
ble. I. Willner and co-workers have reported the DNA modification of CNTs, which
enables the use of such hybrid systems as biosensor devices (enzymes electrodes,
immunosensors or DNA sensors) [15]. Other applications of such hybrid materials
include fabrication of bone implants, as scaffolds for tissue engineering, as potential
drug delivery vehicles, and as effective surface coating agents. [10], [16].
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1.4 Nanocrystals
Nanocrystals are aggregates of a few hundreds to tens of thousands of atoms result-
ing a crystalline matter. Nanocrystals of different composition, size and shapes have
been studied well in more than two decades [17]. Typically around ten nanometers
in diameter, nanocrystals are larger than molecules but smaller than bulk solids and
therefore usually exhibit physical and chemical properties somewhere in between.
A nanocrystal is virtually only surface and no interior, its properties can vary with
the crystal size [18] and precise tuning of which would result with dramatic changes
in the physical properties. It has been shown that just by controlling the kinetics of
crystal growth in a typical synthetic method, scientists were able to vary the shapes
of resulting nanocrystals [17], [19]. Irrespective of the shape and physical properties
of the nanocrystals, their surface can be modified. In the context of this thesis work,
more interesting are biomodified nanocrystals [20], which can find important biologi-
cal applications in-vitro and in-vivo [20]. More about the (bio)chemical modification
of QDs is described in detail in 4.2.1.
1.4.1 0D and 1D nanocrystals
The classification of 3, 2, 1 and 0D systems is based on the quantum confinement ef-
fects exerted in crystals at small dimensions [21], [22]: confinement in one dimension
is observed in quantum wells, two dimension in quantum wires and three dimension
in quantum dots (Fig. 1.5). The relation between the dimensionality of the crystal
and the quantum confinement is as follows.
q = 3− d
Where q is the quantum confinement and d is the dimension of the crystal, which
can take the values 0, 1, 2 and 3. Thus, bulk 3D crystals possess no confinement
of electrons whereas small, dimensionless nanoparticles possess confinement of elec-
trons in all three directions. Since this thesis mainly deals with the fabrication of
nanocrystal based functional structures and our interest has been limited to 0D
(nanoparticles) and 1D (nanowires) nanocrystals. Consequently, here the discussion
is limited to the synthesis (colloidal synthesis), characterization and applications of
only 0D and 1D nanocrystals.
Synthesis and Applications — Historically, Alexandria, Egypt was believed to
have been the original founding place for the use of gold in medicine by a group of ex-
perts known as Alchemists. The alchemists developed an“elixir”made of liquid gold
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Figure 1.5: Schematic illustration of density of states. (A) In metals,
nanocrystals show discrete state (indicated using lines) band gaps in comparison
to their bulk counterparts, which show a continuum of states. The shaded region
indicates valence band (VB) whereas non-shaded region indicates conduction band
(CB). For semiconductors, the dashed lines show the increasing band gap between
VB and CB while going from bulk towards atom. (B) Density of states in one band
of a semiconductor as a function of the dimensional freedom. 3-D represents the
bulk, 2D quantum wells, 1D quantum wires and 0D the quantum dots.
which apparently had the ability to restore youth and perfect health. Paracelsus,
one of the greatest known alchemist, developed medicines from metallic minerals in-
cluding gold, to cure the diseases. Later, alchemy spread to Arabia then throughout
the Middle East to India and China and eventually to Europe. Though the scien-
tific background still remains unclear, many tribal doctors in India use fine metal
powders, which they claim can cure certain diseases. Small gold particles have been
used to color stained glasses for over a century and to treat arthritis continuously
since 1927. However, serious research in colloidal gold did not begin until Michael
Faraday’s discovery in mid-ninetieth century [23] that metal particle colloids showed
color variations through surface charge variations.
The most common method to obtain colloidal gold (gold nanocrystals) in modern
chemistry is by reducing HAuCl4 in a suitable solvent. In order to prevent the
aggregation of thus produced NPs, a suitable stabilizer is usually employed in the
reaction mixture during the reduction process. There had been several publications
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showing different protocols to achieve uniformly sized Au, Ag and other metallic
NPs, in protic as well as in non-protic solvents, using wide variety of stabilizer
molecules [24], [25] that allow further surface modification for eventual use in elec-
tronic as well as biological applications [26], [27].
Semiconductor colloids and clusters had been used in the study of photochemical
reactions since 1970s [28], [29] though the increased potential of such materials
in modern nanotechnology was not realized until 1990s when Murray et al. first
published size tunable synthesis of CdSe QDs using TOPO [30]. Many studies on
their photophysical properties have been carried out in the following years [31],
[32] but still restricted their use in biological applications due to their insolubility
in protic solvents. Five years later, Alivisatos and co-workers showed that such
TOPO coated CdSe QDs can be made water soluble via coating with ZnS shell for
using them as fluorescent labels in biological applications [33]. In the same issue
of Science, Warren et al. showed a QD-bioconjugate for ultrasensitive detection in
living cells [34]. It thus flourished the research on semiconductor QDs for the use
in biological applications [20]. It is important to mention here that H.Weller, in
parallel, has pioneered in developing systematic methods for the synthesis of QDs
in water [35], [36] using water soluble thiols as stabilizers.
Magnetic NPs [37] also have synthesized first in the form of ultrasmall colloids
[38], [39]. Later, magnetic NPs have been synthesized inside phospholipid vesi-
cles [40], [41]. The use of such particles in biology started with their use in cell-
sorting experiments [42], [43] already in 1980s. Numerous biological applications for
magnetic NPs have then been framed-up [44], [45], [46] and more than 60% out of
1000 selected publications has came out in the 2000s indicating the enormous growth
achieved in recent years in this field. The use of magnetic NPs as effective MRI con-
trast agents [45], [47] in hyperthermia [45], [47] and in cancer research [48], [49]
shows the impact magnetic nanocrystals has generated in the biomedical research
field.
Synthetic routes to 1D nanocrystals of both metals and semiconductors have also
been established well in these years and the important findings include the col-
loidal route through kinetic control [17], [19], template route such as porous alu-
mina [50], [51], polymers [52], DNA [53], and virus molecules [54], sol-gel route [55],
electrochemical deposition [56], NP catalysed growth [57] etc. More interesting in
the context of present thesis is the template directed synthesis of 1D nanocrystals,
which will be discussed in 3.2.1 in detail.
The applications of nanocrystals range from nanoelectronics that can be used to
build computer memory, using individual molecules or nanotubes to store bits of
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information, as well as molecular switches, molecular or nanotube transistors, nan-
otube flat-panel displays, nanoscopic lasers, and nanotubes as electrodes in fuel
cells. Biomodification of nanocrystals might be extremely interesting in applica-
tions such as biological detection, controlled drug delivery, point-to-care diagnostic,
(bio)chemical sensors, new printing technologies etc. Being considered next indus-
trial revolution, the prospects of nanomaterials in modern human life is enormous!
1.4.2 Synthesis of nanocrystals in confined systems
As discussed in 1.4.1, the synthesis of colloidal nanocrystals requires a growth-
arresting agent to get the nanocrystals in the smallest possible dimension. Fail-
ure of which will lead to coagulation and eventual precipitation of the particles.
There are several organic as well as biomolecules that had been successfully used
for this purpose. Alongside with it, there progressed another approach to synthesize
nanocrystals with uniform size-distribution using confined reaction systems. The
main inspiration to such an approach is actually nature, which, as always, has the
far superior ability to construct nanostructured materials in a controlled, specific
morphological way. Magnetotactic bacterium is the best example to illustrate it.
As depicted in Fig. 1.6, it is capable of producing 40 - 100 nm sized, spherical,
single-domain Fe3O4 (magnetite) particles fixed on the inner leaflet of the plasma
membrane, which are nicely aligned along its body [58].
Figure 1.6: Electron micrograph of magnetotactic bacteria. The particle
chain is visible as dark spherical spots (scale bar = 0.5 µm). The inset shows a
closer view of the Fe3O4 particle chain (scale bar= 100 nm).
The field known as “biomineralization or biomimetic materials chemistry” has thus
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evolved by mimicing nature’s tactics in the laboratory to produce high quality,
functional nanostructures [59], [4], [8], [7]. The protein assembly of collagen, for
example, provides an organized matrix in which apatite crystals can grow, in the
spaces provided, resulting a functional composite material: ‘bone’ [60].
a)
b) c)
d) e)
f)
g)
Figure 1.7: Shape of different confined membrane structures. (a) Reverse
micelles with control of their size by the water content, (b) planar lamellar phase,
(c) onion-like lamellar phase, (d) normal micelles, and e) interconnected cylinders.
The corresponding nanostructures obtained; (f) is produced using (a) and (g) is
obtained from (e): scale bars = 21 nm [61].
Materials constrained in 1, 2 or 3 dimensions have been used for obtaining spatially
confined reaction vessels. Micelles [61], [62], [63], vesicles [64], zeolites [65], protein
cages [66], polymers [67] and Langmuir-Blodgette films [68], [39], [69] are some of
the many confined systems already exploited. Compartmentalization provided by
membranes and cells is considered to be responsible for the inflow of ionic precursors
and for the imposition of shape and size control over the incipient crystal growth in
biomineralization. Fig. 1.7 illustrates the common detergent and lipid based struc-
tures that has been used in the fabrication of nanocrystals. The in-vitro and in-vivo
studies on biomembranes has been very useful for understanding their properties
such as phase transition, phase separation, fluidity, permeability, fusion and sub-
strate mobility into and out of the membranes. The afore mentioned parameters are
very important to understand and control in order to use membrane mimetic com-
partments as confined reaction vessels. As a mostly studied system, phospholipids
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are considered as an ideal system to pursue such confined reactions [64]. Particu-
larly interesting in the context of this thesis are phospholipid vesicles and multilay-
ers, which through its closed (in the case of vesicles), aqueous interior, can act as
a reaction vessel. The size of such vesicles can be tuned from about 10 nm to few
tens of micrometers thereby control the amount of individual reactants inside such
vessels precisely [70]. The structure, chemical and physical properties, biological
function as well as thermodynamic properties of phospholipid membranes will thus
be discussed in the preceding section, which stands as a common platform on which
this thesis work is built on.
1.5 Phospholipid bilayers
Lipids are considered as one of the most essential biomolecules in the structure and
function of living matter. The interest in phospholipid bilayers arises as they are one
of the major structural elements in biological membranes. Phospholipids have the
ability to form bilayer vesicles spontaneously when dispersed in water. This peculiar
property of bilayer formation is due to the amphiphilic structure of phospholipids.
Hydrophobic effects along with geometric constrains result bilayers as favored struc-
ture for most two-chain phospholipids [71]. At higher lipid concentrations, these
bilayers form lamellar liquid crystalline phases where two-dimensional planar lipid
bilayers are separated by distinct water layers, whereas upon dilution they become
unstable, curved and thus form lipid vesicles [72]. One of the key features of phospho-
lipid bilayers is their thermotropic phase behavior, in which lipid chains reversibly
take either an ordered (gel) state below phase transition or a disordered (fluid) state
above phase transition. The important parameters of phospholipids, in the context
of this thesis, such as chemical structure, lipid shapes and phase behavior will be
discussed here. A seperate section dedicated for lipid vesicles is included in chapter
4.
1.5.1 Chemical structure and shapes of phospholipids
There are two main classes of diacyl phospholipids that are naturally occurring:
glycerophospholipids and sphingophospholipids. The predominant phospholipids in
biological membrane is glycerophospholipids (Fig. 1.8) and hence from hereon, wher-
ever used the word phospholipids, is strictly for glycerophospholipids. In biological
membranes the glycerophospholipids are all derivatives of sn-glycero-3-phosphatidic
acid. A typical phospholipid is phosphatidylcholine, which has many different species
and properties depending on the alkyl chain length (12:0; lauric, 14:0; myristic, 16:0;
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palmitic, 18:0; stearic, 20:0; arachidic etc) and degree of unsaturation in the alkyl
chain (16:1(9); palmitoleic, 18:1(9); oleic, 18:2(9,12): linoleic etc). variations in the
headgroup (PA and PS- negative, PC and PE- neutral etc) result in different lipid
types [72].
Figure 1.8: Common phospholipids. The glycerophospholipid types depend
on the organic base, amino acid, or alcohol with which the phosphate is esterified.
The figure shows different headgroups bearing dimyristoyl alkyl chain.
The lipid molecules form supramolecular structures, which depend on the particular
shape of the lipid molecules, such as cones, cylinders, or inverted cones depending on
the relative size of the polar headgroup with respect to the alkyl chains as illustrated
in Fig. 1.9.
1.5.2 Lipid phases and phase transitions
Hydrated bilayers of phospholpids perform well-defined thermotropic phase transi-
tions. The lamellar fluid phase (Lα), which is thought to be the form representing
lipids in the biological membrane and lamellar gel phase (Lβ). Lβ phase is formed
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Figure 1.9: Shapes and corresponding supramolecular asssemblies of
different phospholipids [72].
at low temperatures in those lipids that form lamellar structure. In this phase
the molecules are packed more tightly and the acyl chains form a two-dimensional
crystal [73]. There are a number of lipids that form nonbilayer structures. Such
nonbilayer forming lipids usually show two distinct phases:
(i) hexagonal I phase (HI) in which the lipids are organized in the form of cylinders
with the polar headgroups facing outside, in contact with water. The cylinders are
packed in a hexagonal pattern.
(ii) hexagonal II phase (HII) in which the lipids are organized in the form of cylinders
with the polar headgroups facing inside, where there is a pool of water. In this case
too, the cylinders are packed in a hexagonal fashion (Fig. 1.10).
In the case of bilayer forming lipids that undergo thermotropic phase transitions,
the phase transition temperatures T t and phase behavior differ between various
lipid types, but all depend very strongly on water content. The phase transition
temperatures decrease as water is taken up by the bilayer. Water molecules bind to
the phospholipid headgroups and depress the T t by approximately 4oC per water
molecule. The gel phase achieves maximum hydration at approximately 30% water,
at which point there is no further decrease in T t. Above this water content” free
water separates out. Hydration continues further in the fluid phase, a free water
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Figure 1.10: Schematic representations of lipid-water phases. (a) lamellar
gel phase, (b) lamellar fluid, (c) hexagonal II and (d) hexagonal I (taken from [73]).
phase not appearing until above 40% water. This increased hydration has little or
no effect on the thermodynamics of the phase transition [71]. The T t of different
PCs and PEs can be seen as a table in Fig. 1.11. The T ts are systematically higher
for PEs compared to PCs of the same chain length.
Thus by choosing appropriate hydration effects as well as the headgroup function-
alities of phospholipids, many controllable, confined structures (spherical, tubular,
planar etc) can be obtained.
1.6 Thesis in the context of current nano-biotech re-
search
Though nano-biotechnology is still in its emerging stage, its future prospects in
biomedical as well as nano-electronics are limitless. Several biomolecules such as
proteins, DNA, virus molecules etc have already been used as components in such
functional nanodevices. As discussed above, the possibilities of phospholipid mem-
branes in terms of controllability, flexibility, bio-compatibility as well as functionality
are enormous. This thesis work focuses mainly on the following issues:
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Figure 1.11: Change of T t for various phospholipid types. Phosphatidyl-
cholines (PC) and phosphatidylethanolamines (PE) of chain length Cn (taken
from [71]).
. Can one use lamellar phospholipid membranes as a template for the fabrication
of functional nanostructures?
. How tunable is the thermotropic phase behavior of phospholipid membranes as
confined membrane compartments?
. Despite the well-studied drug delivery applications of lipid vesicles, can one fab-
ricate highly controllable, multi-stimulus responsive cargo systems by combining
the properties of lipid molecules with inorganic nanocrystals? Is it possible to
target such hybrid vesicles in a controlled way to live cells?
. How important is the use of known lipid-chemistry in the future development of
nano-biotechnology?
Several specific aspects related to these issues have been elaborated in this thesis.
The synthesis of novel nanoscopic optical fibers by making use of phospholipid mem-
branes as a template is the subject of chapter 3. Fabrication of lipid/QD hybrid
vesicles and their targeting to specific cellular locations as well as potential use of
such nanocontainers in delivery applications are the content of chapter 4. It also
describes a novel single particle study showing the controlled diffusion of fluorescent
nanocrystals in a supported planar bilayer system. Finally, while discussing mainly
the use of known basic lipid chemistry for organization of fluorescent nanocrystals in
chapter 5, the importance of type, concentration and method of formation of lipid
structures in the development of lipid based nanocrystal arrangement too takes the
centre of discussion.
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Chapter 2
Methods
2.1 Confocal fluorescence microscopy
Confocal microscopy is an optical sectioning technique producing images free from
out-of-focus blur. It is a light microscopy technique and commonly employs visible
wavelength lasers as light sources and confocal apertures or ‘pinholes’ in the excita-
tion and detection paths. The technique is frequently described as CLSM (Confocal
Laser Scanning Microscopy).
The main advantages of confocal microscopy are: (i) Generation of completely in-
focus 3D images of microscope samples, (ii) localisation of multiple fluorescent labels
in 3D space within a single sample, (iii) accurate measurements between features in
2D and 3D space, and (iv) offering superior spatial resolution compared to wide-field
light microscopy (Fig. 2.1a&b).
How does it work?
Optical sectioning is achieved by including an additional optical element - a confocal
aperture - into the light collection path (see Fig. 2.2). ‘Confocal’ means that both the
illumination focal volume and the detection focal volume are coincident (Fig. 2.1d).
This optical constraint ensures that light from outside the focal region does not
reach the detector. In a confocal imaging system the basic rule is - ‘in-focus bright,
out-of-focus black’. The apparently simple optical principle of the laser scanning
confocal microscope has very great flexibility in practice. By making the confocal
aperture variable in size, the optical section thickness can be optimised for the chosen
objective and wavelength of light. The smallest optical section thickness, obtained
with a high NA lens, is ∼0.5 micron. The freedom to increase the size of the confocal
aperture can also be important when imaging very faint fluorescence where it allows
a trade off between optical section quality and image brightness.
The confocal data presented in this thesis are recorded using the ConfoCor-2 and
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Figure 2.1: Comparison between wide-field and confocal microscopies.
The specimen of pollen grain when viewed through widefield illumination in a clas-
sical fluorescence microscope (a), while (b) presents a thin optical section from the
confocal microscope at the same focal plane on the microscope z-axis. Illustration
of a typical illumination volume in a wide-field microscope (c) in comparison to a
confocal microscope (d).
Figure 2.2: Scheme illustrating the set-up in a typical CLSM. Taken from
www.zeiss.de.
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ConfoCor-3 laser scanning confocal microscope (LSM 510, Zeiss) equipped with
excitation wavelengths of 454 nm, 488 m, 543 nm and 633 nm and free choice of the
emission wavelengths selected using various combinations of emission filters. Fig. 2.2
shows the instrumental set-up of a typical CLSM microscope from Zeiss.
2.2 Single molecule fluorescence micro/spectroscopy
Fluorescent single-molecule studies at room temperature have recently become pos-
sible and have opened a wide field of biological applications [74], [75]. The observa-
tion of single molecules requires the use of excellent fluorophores with high quantum
yields and high photostability, which emit light at a wavelength where background
auto-fluorescence of the biological sample is low and where the detection efficiency
of the recording system is high. Dyes that emit in the far red, like Cy5 and Alexa647
are best suited. Alternatively, fluorescent semiconductor QDs have been used be-
cause of their high photostability [76], [77], [78]. To discriminate single molecules,
their average distance has to be larger than the resolution of the observation sys-
tem. Using microscope optics the diffraction limit is around 350 nm at the emission
wavelength of ∼650 nm.
Figure 2.3: Principle of single molecule imaging. A ca 35 µm spot is
illuminated with laser light and the fluorescence of single molecules is recorded
with a high sensitivity CCD camera.
In contrast to other techniques, the evaluation of single molecule experiments re-
sembles the pure behavior of a certain molecule and can deliver precious information
that is averaged or hidden otherwise in ensemble experiments; i.e. there is no time
averaging, no population averaging and there might be also access to new experi-
mental observables. Typical applications for single molecule studies are (i) single
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molecule tracking experiments, different populations of diffusing molecules can be
distinguished even if their diffusion constants are similar, kinetics of biochemical
reactions or single ligand binding events can be observed resulting in a higher time
resolution than possible with ensemble measurements.
How does it work?
The principle of single molecule imaging is illustrated in Fig. 2.3. The wide-field
epi-illumination together with the CCD camera detection allows the observation
and the localization of several single molecules in parallel. To prove the observation
of single molecules several criteria must be fulfilled: First, light emitted from a
point source like a single fluorophore will be imaged as a diffraction limited spot
of a characteristic size on the CCD camera. Second, the intensity of the emitted
light and the saturation excitation intensity are characteristic for each fluorophore
and only depend on its photophysical properties. Third, blinking and single-step
photobleaching are unique signatures of single fluorophores. Typical fluorescence
image of single QDs is shown in Fig. 3.14d & Fig. 4.15a. After usually 2 - 50 images
the QDs go to the ”off”state resulting in a one-step decrease of fluorescence intensity.
The statistical processes of blinking and photobleaching occur randomly but always
in the same manner.
Figure 2.4: Schematic of the single molecule fluorescence imaging set-
up.
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The single molecule microscopy data presented in this thesis were recorded on a
modified epiluminescence wide-field microscope (Axiovert 100 TV, Zeiss). A scheme
of the set-up is shown in Fig. 2.4. Circularly polarized light of 488 nm of an Ar+ laser
(Innova Sabre, Coherent) was directed by a dichroic mirror (Q495LP, Chroma) into
a microscope objective (C-Apochromat 63x, 1.2 NA, W Korr, Zeiss) to illuminate
a 35 µm diameter region of the sample. The sample temperature was controlled,
where necessary, using a thermostat attached to the sample stage. Fluorescence
was collected by the same objective, passed through a filter (515 LP, Zeiss) and was
imaged (ISP, INW) on an Electron Multiplying CCD camera (IXon DV887AC-FI,
Andor Technology Ltd). To avoid photobleaching, the samples were only illuminated
for 50 ms per image using a shutter (LS3T2, Vincent Associates, Rochester, USA).
Sampling frequencies ranged from 0.2-12 Hz.
The single molecule fluorescence spectrum of samples were spectrally resolved using
an attached monochromator (CP-140, Spectroscopy Instruments GmbH) coupled to
a CCD camera (LN/CCD-576 EUV, Spectroscopy Instruments GmbH). Circularly
polarized light of 457 nm of an Ar+ laser (Innova Sabre, Coherent) was directed by
a dichroic mirror (LP480 HQ, Chroma) into a microscope objective (Chroma) to
record the emission spectra.
2.3 Fluorescence correlation spectroscopy
The concept of fluorescence correlation spectroscopy (FCS) was introduced in the
early 1970s [79]. Since then, the technique has been developed into a powerful tool in
analytical chemistry and biological research. The elegance of FCS lies in its ability
to extract a wealth of molecular and environmental information from a weak fluores-
cence signal using correlation analysis of the fluorescence fluctuations of very small
samples at nanomolar concentrations. Fluorescence fluctuations due to concentra-
tion fluctuations via molecular diffusion, chemical reactions, and physical processes
of a few fluorescent molecules in a an optically restricted sub-micron observation
volume (∼1 fL=10−15 L) can be studied with temporal resolution typically from 1
ms to >10 s.
The FCS results presented in this thesis are obtained using a commercial ConfoCor-2
LSM 510 microscope (Carl Zeiss). This is the same microscope used for confocal data
acquisition which enable to combine the two techniques for precise localization of the
FCS detection volume in a sample. Using pinhole diaphragms the detection volume
can go down to few hundreds of nanometers in diameter corresponding typically to
∼3· 10−16L ⇔ 0.3 femto liters. The Fig. 2.5 illustrates the shape of the detection
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volume and the principles of the FCS technique.
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Figure 2.5: Illustration of the principle of FCS technique. The fluores-
cent particle is only excited when present in the confocal detection volume. The
fluorescent intensity is recorded with time and gives the intensity fluctuation trace
I(t). From this trace, the autocorrelation curve G(τ) is calculated.
How does it work?
The confocal detection volume is characterized by its radius w1 and its height w2.
Diffusing fluorescent particles are excited only when they are present in this tiny
volume. In order to obtain valuable data, the particles analyzed should fit inside
this volume, thus only particles below w1 ' 200nm can be characterized with this
technique. The fluorescence intensity is recorded as function of time that gives
fluctuation trace I(t) which shows characteristic fluctuation δI(t) around the aver-
age fluorescence signal 〈I〉. The fluctuations might be due to change in fluorescent
quantum yield or can be produced by particle motions which induce fluctuations in
the number of fluorescent particles per detection volume and thus the fluorescence
intensity. In order to get experimental parameters, the normalized autocorrelation
function (ACF) G(τ) is automatically calculated from I(t) by the instrument soft-
ware.
G(τ) = 1 +
〈I(t)·I(t+ τ)〉
〈I〉2 (2.1)
The autocorrelation function compares the value of the signal at any arbitrary time
t with the value of a short time interval τ later. The definition of the ACF is written
for one particular interval τ and the complete ACF function specifies G(τ) for every
τ where the angular brackets 〈〉 indicate a time average. In the situation where the
fluorescence decay is much shorter than the translational diffusion, the ACF can be
fitted and gives experimental parameters following this equation.
G(τ) = 1 +
1
N
· 1
1 + 4Dτ/w21
(
1
1 + 4Dτ/w22
) 1
2
(2.2)
with the fitting parameters:
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D; the diffusion coefficient is D = w12/4τD
w1; the radius of the detection volume as in Fig. 2.5
w2; the half height of the detection volume as in Fig. 2.5
and the experimental parameters extracted from the fitted ACF:
. N; the number of molecules in the detection volume
. τD; the translational diffusion time of the detected particle
2.4 Laser tweezers
Optical Tweezers use light to manipulate microscopic objects as small as a single
atom. The radiation pressure from a focused laser beam is able to trap small parti-
cles. In the biological sciences, these instruments have been used to apply forces in
the pN-range and to measure displacements in the nm range of objects ranging in
size from 10 nm to over 100 mm.
Figure 2.6: Schematic of the simplest form of an optical tweezers.
The most basic form of an optical trap is illustrated in Fig. 2.6. A laser beam
is focused by a microscope objective to a spot in the specimen plane. This spot
creates an ”optical trap” which is able to hold a small particle at its center. The
forces felt by this particle consist of the light scattering and gradient forces due to
the interaction of the particle with the light. Most frequently, optical tweezers are
built by modifying a standard optical microscope. These instruments have evolved
from simple tools to manipulate micron-sized objects to sophisticated devices under
computer-control that can measure displacements and forces with high precision and
accuracy.
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How does it work?
The basic principle behind optical tweezers is the momentum transfer associated
with bending light. Light carries momentum that is proportional to its energy and
in the direction of propagation. Any change in the direction of light, by reflection
or refraction, will result in a change of the momentum of the light. If an object
bends the light, changing its momentum, conservation of momentum requires that
the object must undergo an equal and opposite momentum change. This gives rise
to a force acting on the object [80] that creates an optical trap.
Figure 2.7: Illustration of the optical tweezers set-up. It is a custom-built
set-up in LCPPM, EPFL.
Modern optical tweezers: In practice, optical tweezers are very expensive, custom-
built instruments. These instruments usually start with a commercial optical micro-
scope but add extensive modifications. In addition, the capability to couple multiple
lasers into the microscope poses another challenge. High power infrared laser beams
are often used to achieve high trapping stiffness with minimal photo-damage to bi-
ological samples. Precise steering of the optical trap is accomplished with lenses,
mirrors, and acousto/electro-optical devices that can be controlled via computer.
Fig. 2.7 gives an idea of the number of elements in such a system. In short, these
are very complicated instruments that require a working knowledge of microscopy,
optics, and laser techniques.
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2.5 Electron microscopy
In contrast to optical microscopes, electron microscopes (EMs) use a beam of highly
energetic electrons to examine objects on a very fine scale that can yield the informa-
tion about topography, morphology, chemical composition as well as crystallographic
information about a specimen (Fig. 2.8). The two most common types of EMs are
scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Figure 2.8: Scheme of the analogy between optical microscopy and elec-
tron microscopy. (Taken from EM course material, CIME, EPFL)
How does it work?
A stream of electrons is formed (by the electron source) and accelerated toward the
specimen using a positive electrical potential. This stream is confined and focused
using metal apertures and magnetic lenses into a thin, focused, monochromatic
beam, which then focused onto the sample using a magnetic lens. Interactions
occur inside the irradiated sample, due the electron beam. These interactions and
effects are detected and transformed into an image (the same for all types of EMs
regardless of type). The main interactions of electrons with matter is illustrated in
Fig. 2.9. Such enormous effects has been utilized well in the past years, which led
to the development of several accessory techniques coupled with EMs. For instance,
the X-rays emitted by the specimen is able to address the chemical composition of
the specimen and thus the technique called energy dispersive spectroscopy (EDS).
Analyzing auger electrons also would give a wealth of information about the chemical
composition through the technique called electron energy loss spectroscopy (EELS).
Scattered electrons (both elastically and inelastically) also used for imaging purposes
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that gives additional information on topography and morphology, which normal
imaging modes might not produce.
Figure 2.9: Schematic of the interactions of electron beam with matter.
(Taken from EM course material, CIME, EPFL)
Fig. 2.10 outlines two important modes used in TEM. Nowadays, electron diffraction
technique equipped in TEMs are vital in studying the crystal structure such as
growth direction, monocrystallinity and other important crystal parameters.
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Figure 2.10: Schematic of the diffraction and image modes in EMS.
(Taken from EM course material, CIME, EPFL)
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Chapter 3
Synthesis of Nanoscopic Optical
Fibers
3.1 Introduction
Nanostructures of various materials with different sizes and shapes have been synthe-
sized and studied in the last years due to their high impact for optoelectronic appli-
cations. In particular, one-dimensional (1D) nano structures (nanowires, nanorods,
nanotubes, etc) show optical and electronic properties [81], [17], [82] which are of
importance to downsize opto-electronic components to the nanometer scale [83],
[84]. Development and integration of such 1D nanostructures rely on suitable syn-
thetic procedures. Several methods have been designed such as template-directed
synthesis [50], [85], [9], [53], [54], [86], solvothermal synthesis [55], microfabrica-
tion [87], [88], metal nanocluster catalyzed growth [81], and surfactant-mediated
self-assembly [89]. In particular, template-directed synthesis offers significant ad-
vantages: Ease of performance, the possibility to work at mild reaction conditions
and above all the control over unique, well-defined morphologies of the resulting
nanostructures. Various templates have reportedly been used for the fabrication of
1D nanostructures (see 3.2.1). Though simple to implement, the main limitations
in many template-directed syntheses are poor yield and the polycrystallinity of the
resulting nanomaterial [90].
This chapter discusses the use of lipid bilayers as templates for the synthesis of
asymmetric, monocrystalline nanowires (NWs) [78] as they are well known self-
organized nanostructures [73]. The following section briefs the state-of-the art in
the fabrication and application of NWs.
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3.2 Nanowires
1D systems are the structures of lowest dimension that can be used for efficient
transport of electrons and optical excitations and hence their high potential in the
function and integration of nanodevices. In other words, as discussed in 1.4, NWs
(and other types of 1D nanostructures) possess 2D quantum confinement leaving
one unconfined direction for electron conduction.
Figure 3.1: Morphology of 1D nanostructures. a) A NW typically comprises
a linear structure that has a specific growth direction; (b) a nanorod is a nanowire
with a shorter length. (c) A nanotube is a 1D nanostructure with a hollow in-
terior channel. (d) 1D nanostructures with well-defined side facets are called as
nanobelts/nanoribbons [91].
Because of their unique density of electronic states, NWs in the limit of small diam-
eters are expected to exhibit significantly different optical, electrical, and magnetic
properties from their 0D and bulk 3D crystalline counterparts. By morphological
definition (Fig. 3.2), it has been widely accepted that NWs typically comprise a
linear structure that has specific growth direction, but its side surfaces and shape
of cross-section may not be well defined or uniform (Fig. 3.2a). But for achieving
property control, it is important to clearly define the side surfaces of a nanowire.
A nanorod is a nanowire with a shorter length (Fig. 3.2b). A nanotube is a 1D
nanostructure with a hollow interior channel (Fig. 3.2c). Nanobelts/nanoribbons
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are 1D nanostructures with well-defined side facets (Fig. 3.2d), and they have more
restrictive shape and uniformity than the NWs [91].
Obtaining atomic building blocks rationally assembled into anisotropic structures
with diameters in the nm regime but possessing longer length scales is the key goal
to be achieved in the fabrication of NWs. It has been shown that the essence of 1D
nanocrystal growth is the crystallization process that had been studied well for more
than centuries. The two fundamental steps of crystallization are the nucleation and
growth. Different synthetic methodologies have been widely used for the fabrication
of such nanomaterials. Fig. 3.2 illustrates six different strategies that have been
demonstrated for achieving 1D growth [92]. Special emphasis will be given to the
template directed synthesis (Fig. 3.2C) as that is more relevant to the discussion of
this chapter.
Figure 3.2: Different strategies for the 1D growth of nanostructures.
A) Dictation by the intrinsic anisotropic crystallographic structure of a solid; B)
confinement by a liquid droplet; C) template directed growth; D) kinetic controlled
growth using capping molecules; E) self-assembly of 0D nanoparticles; and F) size
reduction (top-down approach) of a 1D nanostructure [92].
3.2.1 Template-directed synthesis
Template-directed synthesis is considered as a straightforward route to obtain NWs,
in which the template acts as a host matrix or scaffold within or around which the
guest molecules find a pore or binding pocket. The nucleation and growth of different
crystals thus occur in-situ with a morphology dictated by the template. Various
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kinds of templates such as porous alumina [50], [51], molecular sieves [93], [85],
soft-templates such as polymers [52], DNA [53], viruses [54], micelles [94] etc, and
self-assembled monolayers [86] have been reported to guide the synthesis of 1D
nanostructures. Here, the discussion is limited to the reports on the soft-template
directed synthesis of NWs.
Polymer templates — A polymer-controlled growth method for fabricating high
aspect ratio CdS NWs (Fig. 3.3) has been reported by Zhan et al. [52]. The polymer
used in their approach is polyacrylamide, which has been extensively used in the
separation of proteins, as a molecular sieve and as a protecting agent for NPs. In
a typical synthetic method, Cd2+ ions were well distributed in the polyacrylamide
matrix and then treated with thiourea solvothermally in ethylenediamine at 170oC
that resulted an yellow gel of CdS crystallites having wurtzite structure.
Figure 3.3: SEM image of CdS NWs. High aspect ratio NWs of CdS obtained
through polymer template directed synthesis. The diameters are in the range of
40 nm with lengths extending up to 100 µm [52].
DNA templates — Liang et al. showed that crystallographic control of an in-
organic nanostructure is possible using synthetic biomolecular templates comprised
of anionic DNA and cationic lipid membranes, which self-assemble into a multil-
amellar structure where a periodic 1D lattice of parallel DNA chains is confined
between stacked 2D lipid sheets. They have organized Cd2+ ions within the interhe-
lical pores between DNA strands, which upon subsequent reaction with H2S formed
CdS nanorods of controllable widths and crystallographic orientation (Fig. 3.4). The
strong electrostatic interactions align the templated CdS (002) polar planes paral-
lel to the negatively charged sugar-phosphate DNA backbone, which indicates that
molecular details of the DNA molecule are imprinted onto the inorganic crystal
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structure. The resultant nanorods have (002) planes tilted by 60o with respect to
the rod axis, in contrast to all known II-VI semiconductor nanorods [53].
Figure 3.4: DNA templated growth of 1D CdS nanorods. a) TEM image
of a typical DNA templated CdS nanorod (scale bar = 5 nm): The tilt of (002)
planes relative to rod axis is indicated. b) Schematic representation of crystal
structure within nanorod (Cd, red; S, yellow) showing (002) planes. c) Schematic
representation of B-form DNA, showing the negatively charged phosphate groups
(green) on the backbone, which organize the Cd2+ ions and guide the nucleation
of CdS [53].
Virus templates — A virus-based scaffold for the synthesis of single-crystal mag-
netic and semiconducting NWs had been reported by Mao et al. [54]. The means of
modifying substrate specificity through standard biological methods make the ap-
proach more extendable. Peptides that exhibit control over composition, size, and
phase during nanoparticle nucleation have been expressed on the highly ordered fila-
mentous capsid of the M13 bacteriophage. The incorporation of specific, nucleating
peptides into the generic scaffold of the M13 coat structure provides a viable tem-
plate for the directed synthesis of semiconducting and magnetic materials. Removal
of the viral template by means of annealing promoted oriented aggregation-based
crystal growth, forming individual crystalline nanowires (Fig. 3.5). The unique
ability to interchange substrate-specific peptides into the linear self-assembled fil-
amentous construct of the M13 virus introduces a material tunability and thus it
provides a genetic toolkit for growing and organizing NWs from semiconducting and
magnetic materials.
Micelle templates — Micelles formed from surfactant molecules have been widely
used for the synthesis of different kinds of nanostructures (see section 1.4.2). In a
typical approach, Huang et al. have demonstrated production of arrayed Ag NWs
having high aspect ratio. The crystalline Ag NWs were prepared using cylindrical
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Figure 3.5: Virus templated growth of 1D ZnS NWs. A) The NW synthe-
sis scheme is visualized for the nucleation, ordering, and annealing of virus-particle
assemblies. B) The symmetry of the virus allows for ordering of the nucleated parti-
cles along the x, y, and z directions, fulfilling the requirements for aggregation-based
annealing. C) Dark-field diffraction-contrast imaging of the pre-annealed ZnS sys-
tem. Inset shows electron diffraction pattern of the polycrystalline pre-annealed
wire. D) Bright-field TEM image of (C) after annealing. Inset showing electron
diffraction pattern of the monocrystalline annealed NW. (Inset, lower right) TEM
image showing the monodisperse, isolated single-crystal NWs [54].
micelles composed of sodium bis(2-ethylhexyl)sulfosuccinate (AOT), p-xylene, and
water [94].
The water phase was substituted by an aqueous 0.1 M AgNO3 solution. The elec-
trodeposition was then conducted using a potentiostat in a two-electrode configura-
tion with the two electrodes narrowly spaced (0.5±1.0 mm) and the reverse micellar
phase as electrolyte. The NW were deposited on the cathode substrate (polished
stainless steel). The figure (Fig. 3.6) outlines the general scheme of using micelles
as templates.
3.2.2 Properties and applications
As discussed already in section 1.4 the properties of low-dimensional materials are
usually explained on the basis of their high surface/volume ratio as well as possible
quantum confinement effects. Important and noticeable properties of 1D nanostruc-
tures are: (1) Their thermal stability: It has been reported by several research
groups that the melting points observed in NWs are reduced compared to their bulk
[95], [96]. This effect is very remarkable when considering NWs as building blocks of
nanoelectronic devices. For example, wherever a connection is needed, one can cut,
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Figure 3.6: Illustration of the micellar strategy for the 1D growth of
nanostructures. A) Formation of a cylindrical micelle from surfactant molecules;
B) formation of the desired material in the aqueous phase of the micelle; C) removal
of the template yielding pure NWs; D-F) similar process as in (A-C) except that
the NWs are formed at the exterior surface of the template [92].
interconnect and weld NWs at milder temperatures, which is vital in device con-
struction. (2) The mechanical stability of NWs: This is an important param-
eter to consider for an interconnecting part in nanoelectronic devices. As reported
by Rubio-Bollinger et al. [97], in their STM investigation of the mechanical property
studies on Au NWs. They found that the bond-strength of the NW is two times
stronger than that of bulk Au. (3) Electron transport properties: Nanoelec-
tronic device fabrication needs miniaturized electronic components. The presently
using “top-down” approach has some fundamental limitations that is expected to
affect the computing speed. Consequently, chemically synthesized (“bottom-up” ap-
proach) NWs are found more attractive in terms of computing capability as well
as fabrication cost, in nanodevice fabrication through self-assembly. Another im-
portant aspects of such a “bottom-up” approach is the possibility of making high
density device on a single chip as well as the enormous flexibility in choosing the right
material for a specific application. It has been reported that arrays of single crys-
talline Bi NWs showed a metal-to-semiconductor transition at ∼ 52 nm [98]. Studies
on individual Bi NWs showed similar effects at ∼ 40 nm [99]. These effects have
been explained based on the quantum confinement effects. The electron-transport
properties of Au also have been studied [100]. A prototype p-n junctions made
from the assembly of semiconducting NWs have been reported by Lieber and his
co-workers, which has been used to create integrated field-effect transistors [101].
(4) Optical properties: As in 0D nanocrystals, NWs also exhibit size-dependent
quantum confinement effects [102]. It is well-known that semiconductor QDs exhibit
size-dependent blue/red-shift in their emission wavelengths. On the other hand with
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Si NWs, it has been reported that variation in the growth direction resulted differ-
ent optical behavior [103]. Another important aspect is that the photoluminescence
from NWs is highly polarized. Emission from catalytically grown CdS NWs have
been reported by Duan et al.. in 2003 [81], which they have used for the construc-
tion of an electrically driven laser. ZnO NWs also have been found showing lasing,
waveguide as well as NLO properties [104], [105], [106]. (5) Optical switching:
Kind et al. have shown that highly sensitive NW switches can be created using ZnO
NWs [84]. The light-induced conductivity increases, which is extremely sensitive to
UV light and thus allows the reversible switching of the NWs between the “OFF”
and “ON” states. (6) Sensing applications: Last but not least, the potential sen-
sor applications of 1D nanostructures. They can be highly useful in medical and
environmental applications have to be considered. NWs might be a useful material
for sensing purposes due to their high surface/volume ratio so that the sensitivity
to adsorbed species on their surface is increased due to the high surface area. Pen-
ner and co-workers fabricated Pd NWs that can be used in hydrogen sensing [56].
Surface modified semiconducting NWs have been found useful as highly sensitive,
real time sensors biological samples [107].
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Figure 3.7: Strategy of using lipid membranes as templates for the
1D growth of nanostructures. High-aspect-ratio, monocrystalline, cadmium
chloride NWs doped with fluorescent CdS nanoparticles have been synthesized
using planar lipid membranes as templates. Cd2+ ions bound to the lipid bilayers
are released at low pH to the nanometer-sized, interlamellar water films where the
sudden increase in concentration leads to the formation of NWs [78].
3.3. Lipid membranes as templates 37
The closed compartments of single phospholipid vesicles have already been used
as nanoreactors to perform simple chemical reactions [70], [108]. Upon drying from
aqueous dispersions many phospholipids spontaneously form well-organized periodic
multilayers of lipid membranes separated by distinct nanometer-thick water films
[71]. The rich variability of the lipid hydrocarbon chains and lipid polar headgroups
results in numerous lyotropic and thermotropic phases and phase transitions [71].
Of particular interest in the present context are lipid polar headgroups which bind
selectively and reversibly certain cations. This opens the possibility to modulate
the concentration of precursor ions, e.g. when a second reactant is added, and thus
control the synthesis of nanomaterials in the confined, nanometer sized water films
of multilamellar lipid phases (Fig. 3.7). Here we applied this strategy to synthesize
high-aspect ratio (∼1000) cadmium chloride NWs, which exhibit interesting optical
properties if doped in situ with fluorescent CdS quantum dots.
3.3.1 Synthesis of CdCl2·4H2O nanowires
This part of the thesis deals with the results and discussion on the synthesis and
properties of novel high aspect ratio (>1000) NWs of CdCl2·4H2O. The room tem-
perature synthesis was achieved in the confined nanometer-sized interlamellar water
space of lipid multilayers where supersaturating CdCl2 concentrations were induced
by acidification leading to controlled unidirectional growth of NWs.
Experimental Part: Lipids used:
. 1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC)
. 1,2-dilauroyl-sn-glycero-3-phosphothioethanol (DLPSH)
(DMPC was purchased from Fluka and DLPSH from Avanti Polar Lipids)
Solutions in chloroform of 100 µL of 4mM DMPC and 10 µL of 16 mM DLPSH were
mixed, dried in vacuum and the resulting lipid film was hydrated in 110 µL deionized
water (room temperature, 10 minutes). After adding 30 µL of an aqueous solution
of 10mM CdCl2 (Fluka) the mixture was dispersed for 5 minutes in a bath sonifier.
15 µL of the obtained clear vesicle solution was transferred onto a microscope glass
coverslip and dried in vacuum. The resulting transparent lipid film was rehydrated
at 100% humid atmosphere in a closed desiccator at 60oC for 3 hours. Then, a
recipient containing 32% hydrochloric acid (Merck) was inserted in the desiccator,
the lipid film was incubated for another 2 hours with preserved humidity while the
temperature slowly decreased from 60oC to room temperature.
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To produce fluorescent NWs, the procedure was identical, except that HCl was
mixed with a small flake of FeS (Riedel- de Haen, Germany) to produce H2S while
the dessicator was kept under vacuum (400 mbar) to enhance H2S production. A
typical synthesis yielded around 1,000,000 NWs of which 10-20% showed lengths
exceeding 20 µm (Fig. 3.13). The yield of NWs in a single synthesis has been
estimated as follows: The number of NWs from several confocal images of similar
preparations were counted. This was possible because (1) the typical size of lipid
film in each preparation was always constant and (2) the density of NWs were
always homogeneous. The yield with an error of an order of magnitude was thus
calculated. Changing the ratio of DLPSH to DMPC reduced the yield and delivered
shorter NWs. For example, when 50 µL of 1.6 mM DLPSH was added to 100 µL of
10 mM DMPC, the synthesis produced shorter NWs with yield comparable to the
optimized lipid ratio. Whereas, addition of 10 µL of 1.6 mM DLPSH into 100 µL of
10 mM DMPC, resulted with high aspect ratio NWs with very poor yield. Lipids
could be removed from the produced NWs by washing (several times if necessary)
with toluene (Fluka). Washing was performed by gentle rinsing of the sample using
300 µL toluene in each washing steps.
To observe colocalization of lipids and NWs, 1% rhodamine-labelled lipids (TRITC-
DHPE, Molecular Probes) was added.
3.3.2 Characterization
Scanning Electron Microscopy (SEM):
The NWs obtained have high aspect ratios with a narrow distribution of diameters
ranging from 80 to 200 nm and lengths extending up to 170 µm. Fig. 3.8 shows a
typical SEM image of such CdCl2·4H2O NWs on a glass substrate. The as prepared
NW sample on a microscopic glass cover slip has been washed twice using toluene and
directly used for imaging. SEM were recorded on a high resolution/low accelerating
voltage SEM (XL-30 SFEG, Philips). The Fig. 3.9 shows a magnified view of the
same sample and was the maximum resolution we could achieve. As the substrate
was glass, severe charging-up of electrons made the imaging difficult beyond certain
focal length.
SEM images were also recorded on samples prepared on silicon (Si) coated glass
substrates. These NWs were gown little more wider than usual NWs grown on glass
substrates. The Fig. 3.9 shows representative SEM images and are interestingly
looking faceted. The faceted structure of NWs were further confirmed by AFM
imaging (image not shown) that has been used for the angle measurement in the
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Figure 3.8: Scanning Electron Microscopy. Scanning electron micrograph
of typical CdCl2·4H2O NWs, illustrating the high aspect ratios. In this particular
image, diameters of the NWs are around 100 nm and lengths range from 1.5 µm
up to more than 20 µm (scale bar = 2 µm). The lengths of the NWs could be
tuned by varying the duration of HCl exposure while the diameters showed little
variation.
Figure 3.9: Scanning Electron Microscopy. Magnified view of a part of
Fig. 3.8 (scale bar = 200 nm). Though it looks like a junction between two NWs,
from careful evaluation of many SEM images, we conclude that they are just cross-
ing each other one over the other.
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crystal re-construction of CdCl2·4H2O NWs.
Transmission Electron Microscopy (TEM):
TEM measurements were performed using an analytical-holographic TEM (HF-
2000, Hitachi) equipped with an energy dispersive x-ray spectrometer (EDS) (HP Ge
diode, Voyager, Noran) except for the main image in Fig. 3.14c, which was recorded
on a Philips CM300- UT. For TEM, the NWs were first washed with and then dis-
persed in toluene and transferred onto a carbon coated holy Cu-grid. To record the
Selected area electron diffraction patterns (SAED) pattern, samples were mounted
on a Gatan double-tilt/cooling sample holder and cooled to liquid N2 temperature.
Transmission electron microscopy (Fig. 3.11) shows bright-field (a) and dark-field
(b) images of representative NWs. HRTEM showed that the NWs are monocrys-
talline along the entire lengths (Fig. 3.12a). Proper fitting of SAED pattern revealed
that the NWs are made of orthorhombic CdCl2·4H2O crystals grown along the [100]
direction (Fig. 3.12b).
a) b)
Figure 3.10: Scanning Electron Microscopy. Scanning electron micrograph
of typical CdCl2·4H2O NWs, grown on Si/glass substrate. In this particular image
(a), diameters of the NWs are around 500 nm and are found faceted (scale bar
= 1 µm). (b) The ends of the NWs showing open ends indicating the incomplete
growth (scale bar = 2 µm). Similar incompletely grown NWs are also visible in (a),
which are terminated their growth due to the obstacle generated by neighboring
NWs.
3.3.3 Optical properties
While CdCl2·4H2O crystals are non-fluorescent, CdS compounds, in particular nanocrys-
tals, show size-dependent fluorescence. In order to endow the NWs with fluorescent
properties, HCl vapor was supplemented with H2S during the growth. As a result,
the NWs became intensely fluorescent with high photostability.
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a) b)
Figure 3.11: Transmission Electron Microscopy. (a) Bright field transmis-
sion electron micrograph of middle of a NW showing the 1D crystal (scale bar =
100 nm). (b) Dark field transmission electron micrograph of the end of the same
NW. Extended e-beam irradiation creates some damage to the NW (scale bar =
100 nm).
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Figure 3.12: Transmission Electron Microscopy. (a) High-resolution trans-
mission electron micrograph of the edge of a NW showing the regular atomic ar-
rangement in the crystal lattice (scale bar = 5 nm). (b) Selected area electron
diffraction (SAED) pattern on a NW with indexation corresponding to orthorhom-
bic CdCl2·4H2O. The arrow indicates the [100] direction, which is the long axis as
well as the growth direction of the NW.
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Confocal Fluorescence Microscopy images shown (Fig. 3.13 and Fig. 3.14a)
were recorded on a ConfoCor-2 laser scanning confocal microscope (LSM 510, Zeiss;
excitation = 488 nm, emission = 505 - 550 nm). In the confocal images a weak diffuse
background fluorescence was observed within the lipid bilayer stacks (Fig. 3.14a).
The background fluorescence has considerably reduced by multiple washing with
toluene.
Single Particle Spectroscopy/ Microscopy (SMS):
Spectra of single NWs (SSN) and images of single particles (ISP) and of nano-
waveguides (INW) were recorded on a modified epiluminescence wide-field micro-
scope (Axiovert 100 TV, Zeiss). Circularly polarized light of either 457.9 nm (SSN,
ISP) or 488 nm (INW) of an Ar+ laser (Innova Sabre, Coherent) was directed by
a dichroic mirror (z458rdc (SSN) or Q495LP (ISP, INW), Chroma) into a micro-
scope objective (C-Apochromat 63x, 1.2 NA, W Korr., Zeiss) to illuminate either
a 35 µm diameter region of the sample (ISP) or a diffraction-limited spot centered
on a NW (SSN, INW). Fluorescence was collected by the same objective, passed
through a filter (LP480 HQ (SSN), Chroma, or 515 LP (ISP, INW), Zeiss) and
was either spectrally resolved (SSN) by a monochromator (CP-140, Spectroscopy
Instruments GmbH) coupled to a CCD camera (LN/CCD-576 EUV, Spectroscopy
Instruments GmbH) or imaged (ISP, INW) on an Electron Multiplying CCD camera
(IXon DV887AC-FI, Andor Technology Ltd).
a) b)
Figure 3.13: Confocal fluorescence microscopy. Confocal images (false-
color) showing (a) a high population of NWs in a typical preparation (scale bar =
20 µm). (b) Magnified view of (a) (scale bar = 5µm ). The fluorescence from the
NWs shows very high photostability (hours)
The diffuse fluorescence in the lipid stacks (Fig. 3.14a) and the NWs featured a
3.3. Lipid membranes as templates 43
similar, broad emission band upon excitation at 458 nm with a maximum at 522
nm typical for CdS nanoparticles (Fig. 3.14b). The full-width at half-maximum
(FWHM) is larger than 100 nm and are much wider than the reported band-edge
emission spectra of bulk CdS that exhibit an emission maximum at 512 nm with a
FWHM of 24 nm [81], while deep-level emission is usually observed around 600 nm
[109]. In contrast, emission spectra similar in width and spectral position have been
observed for large CdS nanoparticles (>35 A˚) [110], [111], which can be excited at
457.9 nm [112], and have been attributed to emission from deep-surface traps [113].
TEM images reveal a heterogeneous mixture of crystallites of CdS nanoparticles
(Fig. 3.14c). Single nanoparticles were also detected by optical microscopy at high
excitation intensities as diffraction-limited spots [77] in the middle of a fluorescent
background (Fig. 3.14d). The single quantum dots featured the characteristic single-
step photobleaching as seen in the inset of Fig. 3.14d, and in some cases blinking
as well. The most stringent requirement for single-nanoparticle detection is high
fluorescence quantum yields, which is fulfilled only for nanoparticles whose surface
is effectively passivated. It is probable that the fluorescent background in Fig. 3.14d
is due to the remaining nanoparticles that do not fulfill this requirement. The NWs
exhibited spectra identical to the diffuse background in the lipid stacks showing that
their fluorescence is due to associated CdS nanoparticles. Rough estimations from
the fluorescence intensities indicate that CdS nanocrystals are only present as traces
(below 1/1000 in volume) inside the NWs. This is further confirmed by the fact that
sulfur was not detected by EDS analysis (Fig. 3.15), which has a detection limit of
about 1%.
Optical waveguiding in the NWs:
The NWs’ extended length and their diameter in the order of 100 nm make them
attractive candidates for optical waveguiding [81], [105]. When fluorescent NWs
were locally excited, fluorescence emission was detected not only at the excitation
spot, but also from the ends of the NWs (Fig. 3.16a), i.e., NWs waveguide light over
tens of micrometers, thus acting as effective nanoscopic optical fibers. The ability to
waveguide light is connected with the high refractive index of the NWs, nNW , which
is expected to lie between the refractive index of pure CdCl2·2.5H2O (n =1.65) and
CdS (n = 2.5). The corresponding minimal diameters D needed for the NW to act
as a single-mode optical waveguide at the emission maximum at λ = 520 nm are
thus between 80 and 190 nm using the relation,
D =
λ
pi
(n2NW − n2medium)−0.5
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Figure 3.14: Fluorescence property of the NWs. (a) Fluorescence confocal
image (false-color) of NWs grown in the presence of H2S showing that the thus
prepared 100 µm long NWs are intensely fluorescent (scale bar = 20 µm, excitation
= 488 nm, emission = 505-550 nm). (b) Fluorescence emission spectrum of a single
washed NW upon excitation at 457.9 nm. The emission maximum is at 522 nm
with a FWHM larger than 100 nm. The spectrum of the fluorescent background is
identical. (c) Transmission electron micrograph of the background lipid multilayers
showing the presence of a heterogeneous mixture of nanometer sized CdS crystal-
lites (scale bar = 200 nm). Inset: HRTEM of a CdS nanoparticle (scale bar = 5
nm). (d) Wide-field image showing single QDs, recognized as diffraction-limited
spots, which appear in a structureless fluorescent background. Only a small frac-
tion of the QDs is observed at the single-QD level due to the stringent requirements
for such observations, while the major fraction is contributing to the structureless
fluorescent background. Inset shows a time trace of the emission from the encir-
cled QD featuring the characteristic single-step photobleaching (scale bar = 10
µm, excitation = 457.9 nm, integration time = 100 µs, measurement frequency =
5 Hz).
3.3. Lipid membranes as templates 45
Figure 3.15: EDS analysis of NWs. The EDS analysis of NWs clearly showed
that the crystal composed of Cd and Cl atoms, which was further confirmed by
the SAED as shown in Fig. 3.12b
where nmedium is the refractive index of the medium, and is equal to 1.4 [81].
The range of diameters found for the NWs fall well within the theoretical sizes of
the optical waveguides.
Optical trapping of the NWs:
Manipulation of a NW in the plane of the image and perpendicular to it by laser
tweezers [114]. The 1064 nm focused cw beam of a Nd3+:YVO4 laser (Spectra-
Physics, US) was used to rotate (Fig. 3.17a-h) and levitate (Fig. 3.17i-l) the NWs
suspended in toluene. The images shown in Fig. 3.17 are snapshots from the rotation
and levitation movie files.
3.3.4 Discussion
Role of Individual lipids in the design of template:
The synthesis of NWs was achieved in hydrated, multilamellar stacks of lipid bilayers
comprising lipid-bound Cd2+ ions (Fig. 3.7). Proper design of the lipid template was
crucial for the formation of NWs. The lipid bilayers comprised 70 mol% of DMPC,
acting as a stable matrix, and 30 mol% of a thiolipid, DLPSH, added for its strong
ability to bind Cd2+ ions via the -SH groups. Differential Scanning Calorimetric
experiments showed a strong binding profile of Cd2+ ions onto unilamellar thiolipid
vesicles in water. Addition of aq. CdCl2 to a pure thiolipid vesicle solution led to
the formation of a precipitate, which could be dissolved upon subsequent treatment
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Figure 3.16: Optical waveguiding in the NWs. False-color photolumines-
cence image of a NW (a) upon local excitation at the middle (dotted arrow) with
excitation at 488 nm. Luminescence is observed at the excitation location (dotted
arrow) and from both ends (solid arrows) due to optical waveguiding along the NW
and (b) the corresponding false-color white-light transmission image of the NW.
i) j) k) l)
a) b) c) d)
e) f) g) h)
Figure 3.17: Optical manipulation of the NWs. False-color fluorescent im-
ages of a rotating (a-h) and levitating (i-l) NWs in an optical trapping experi-
ment.The excitation wavelength used was 488 nm. The bright spots on NW crystals
are the laser points that act as optical tweezers.
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with HCl indicating reversible binding between Cd2+ and thiolipids. On the other
hand, incorporation of 30 mol% of thiolipid in a DMPC vesicle solution prevented
this precipitation under similar conditions, which in turn yielded NWs and the for-
mer did not, showing the respective roles of each lipid fractions in the controlled
growth of NWs.
Role of critical reactant concentration:
With a molar ratio of lipid/Cd2+ of about 2, large quantities of Cd2+ ions were
complexed by the lipid headgroups. Upon exposure to HCl vapour, Cd2+ ions
were released as a result of competitive binding of protons to the polar lipid head-
groups [115] leading to supersaturating concentration of Cd2+ in the nanometer-
sized water film, and finally to the initiation of NW growth (Fig. 3.7). When either
the Cd2+ concentration was reduced by a factor of two or DLPSH was omitted,
no NWs were formed showing that a critical concentration of Cd2+ is necessary.
NWs appeared when lipid multilayers were prepared by drying a lipid dispersion
in 10 mM CdCl2 solution but did not appear when a 5 mM solution was used. A
fully hydrated DMPC multilamellar phase comprise about 30 water molecules/lipid
molecule [116]. If that would hold also for our case, the critical concentration of
CdCl2 for NW crystallization would be about 1M in the interlamellar water film.
The solubility of CdCl2 in bulk water is 7.7 M, which indicates that the number of
free water molecules in the multilamellar lipid phase is lower than 30 mol/lipid as
they are bound to the lipid headgroups.
Growth mechanism:
The synthesis of anisotropic structures requires that the template, here the lipid
lamellar phase, restricts or promotes the growth in specific directions. The crystal
planes have been subsequently extracted using the SAED pattern recorded from
the NWs (Fig. 3.12 b) in combination with the published crystal parameters of
CdCl2·4H2O [117].
Orthorhombic CdCl2·4H2O consists of [001] molecular chains formed by edge-sharing
[CdCl4 (H2O)2]2− octahedrons (Fig. 3.18a) that define a preferential growth di-
rection along the octahedral chain axis resulting into slightly elongated crystals of
CdCl2·4H2O when grown in aqueous solution [117]. It is remarkable that the growth
direction of our NWs is perpendicular to the preferential growth direction of bulk
CdCl2 crystals. Online monitoring of NW synthesis indicates that the initiation of
growth critically depends on a rate-limiting step: Two sequential phases were ob-
served with the rapid apparition of small nucleation points followed after a certain
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time lag by the sudden and continuous, non-synchronous 1D growth of the crystals
(Fig. 3.18b). Using fluorescent lipids, a close colocalization of lipids and NWs was
observed demonstrating that the lipid membranes are intimately involved in the NW
growth (Fig. 3.18c). Taking these observations together, we propose a mechanistic
model for the unusual, asymmetric growth of the NWs. CdCl2·4H2O crystal nuclei
grow unperturbed up to a critical size where a collective binding of numerous pro-
tonated, positively charged headgroups of the planar lipid membranes to the crystal
planes rich in Cl− (i.e., high negative charge density) becomes favorable; this occurs
for all crystal planes except the (100), in which Cl− ions are shielded by a layer of
coordinated water molecules, thus inhibiting growth in these directions.
1
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Figure 3.18: Crystal growth in the NWs. (a) The crystal structure of or-
thorhombic CdCl2·4H2O showing the 1D molecular chains formed by edge-sharing
[CdCl4 (H2O)2]
2− octahedrons (in blue) and the water molecules (in red). The
arrow indicates the [100] growth direction (scale bar = 6 A˚). (b) White-light trans-
mission image (false color) of growing NWs. Because the initiation of growth is
asynchronous, the various phases of the NW growth are present in a single image.
NW growth occurs in two distinct steps: First numerous nucleation points appear
(1), after a while some nucleation points grow into small NWs (2) that continuously
elongate upon addition of HCl vapor (3) without noticeable change in the diam-
eter (scale bar = 60 µm). (c) Fluorescence confocal image showing colocalization
of a NW and rhodamine-labelled lipids (scale bar = 2 µm, excitation = 543 nm,
emission = 560 - 610 nm).
3.3.5 Conclusion
In conclusion, a novel synthetic route for state-of-the-art NWs has been presented
based on lipid membranes as an anisotropic template. This allows a straightforward,
high-yield production of high aspect ratio monocrystalline NWs at mild conditions
that act as nanoscopic optical fibers (Fig. 3.19). The synthesized CdCl2·4H2O NWs
can be furthermore endowed with fluorescent properties by addition of H2S. The
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appearance of highly fluorescent CdS QDs demonstrates that such nanoparticles
can be synthesized in the confined interlamellar water film which might open novel
synthetic routes for quantum dots. Our fluorescent NWs could find a broad range
of applications in optoelectronics, for instance in the development of nanolasers, in
complement to CdS NWs [81]. A further speculation is that this novel procedure
using lipid membranes as templates might be extended to the synthesis of other
materials by exchanging the thiolipid with other lipids having suitable head groups
which reversibly bind various ions. The possibility to manipulate the NWs laterally,
for instance using laser tweezers encourages the use of these NWs for nanofabrication
of devices. In this respect, particularly attractive are the recent developments to
form networks of lipid vesicles and lipid nanotubes [118], which might be used as
a template to build an array of connecting NWs opening a way to pre-assemble
nanocomponents for future optoelectronics.
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Figure 3.19: Synthesis of nanoscopic optical fibers. Illustration of the
synthesis and optical fiber properties of CdCl2·4H2O NWs (Angew. Chem. Int.
Ed., 2005, 44, 4957- 4960).
Chapter 4
Multifunctional Nanocontainers
For Controlled Targeting Live
Cells
4.1 Introduction
Nanocrystal based organic-inorganic functional hybrid materials with novel, excep-
tional properties have been explored in recent years due to their potential applica-
tions in nano-biotechnology [4], [119], [8], [120], [121]. Viral assembly of inorganic
nanoparticles [122], their polypeptide [123] and ligand-receptor mediated organiza-
tion [77], protein templated synthesis [124], are a few examples in this direction. Of
utmost interest in the context of this chapter are lipid molecules due to their unique
capabilities to form a variety of self-organized, supramolecular structures [71], [73],
[125]. Though planar and vesicular lipid membranes have been used to compart-
mentalize and to synthesize nanocrystals in confined volume [78], [126], [64], the
enormous possibilities of lipid based, biocompatible nano/microstructures in nano-
biotechnology has still to be fully exploited. For example, native and artificial vesi-
cles offer novel possibilities to investigate (bio)chemical reactions and cellular signal
transduction processes at nanometer and attoliter scales [127], [70], [108]. Further-
more, the interaction between specially designed lipid vesicles and mammalian cells
(adsorption, fusion, endocytosis) [128] has been used to deliver DNA and RNA into
cells and has high potential for smart diagnostics, controlled drug delivery and gene
transfer [126], [129], [130], [131]. Inorganic nanoparticles could offer novel ways to
image native and artificial vesicles and control (bio)chemical reactions therein, if it
would be possible to selectively position the particles on or within the vesicles.
In this context, we investigated quantum dots (QDs), inorganic, strongly fluorescent
nanoparticles of exceptional photostability, to image cellular processes in vivo [20],
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[132]. Notably, coating hydrophobic QDs with phospholipids is a generic method
to make them water soluble [133] and biocompatible [134], useful for investigating
biochemical reactions in-vitro [135] and when microinjected into live cells [136].
This chapter discusses on an interesting observation of wide-ranging potential in
cellular imaging and manipulation: Hydrophobic QDs can be easily incorporated
into the bilayer membrane of lipid vesicles. Such lipid/QD hybrid vesicles (HVs) are
capable to fuse with live cells, thereby stain the cell’s plasma membrane selectively
with fluorescent QDs and transfer the vesicle’s cargo into the cell.
Though it has already been described in chapter 1, a more precise look into the
biological interests of fluorescent QDs as well as the formation and applications of
lipid vesicles will be described here as they are the key components in the design
and fabrication of HVs, which is the central system under study in this (chapter 4)
and the preceding chapter (chapters 5).
4.2 Quantum dots
A quantum dot (QD) is a semiconductor particle that has all three dimensions
confined to the 1- to 10-nm length scale [22]. To understand why a semiconductor
particle of this size would be interesting from a quantum mechanical point of view,
when an electron is promoted to the conduction band from the valence band, a
“hole” (a particle with its own charge (+1) and effective mass) will be generated
in the valence band. The electron and hole together known as an “exciton”. The
exciton can be considered a hydrogenlike system, and hence a Bohr approximation
of the atom can be used to calculate the spatial separation of the electron-hole pair
of the exciton by
r = h2/pimre2
where r is the radius of the sphere (defined by the 3D separation of the electron-hole
pair),  is the dielectric constant of the semiconductor, mr is the reduced mass of the
electron-hole pair (exciton), h is Planck’s constant, and e is the charge on the elec-
tron. For typical semiconductor dielectric constants, the calculation suggests that
the exciton diameter is 1-10 nm for most semiconductors. The electronic structure
of these quantum dots, then, becomes intermediate between localized bonds and
delocalized bands (Fig. 4.1).
Because the physical dimensions of a QD can be smaller than the exciton diameter,
the QD is a good example of the “particle-in-a-box” model. The energies of the
particle in the box depend on the size of the box. QDs, thus exhibit a size-dependent
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Figure 4.1: Bandgap in a semiconductor. Comparison of the electronic
structure of the atomic orbitals in a silicon atom (left) to that of bulk silicon
(right) through that of a silicon cluster molecule (middle) . Atomic orbitals in the
atom give rise to bonding and antibonding molecular orbitals (σ, σ*) in the cluster
molecule, which give rise to the filled valence band and empty conduction band in
the bulk semiconductor (adapted from [22]).
Figure 4.2: Emission from bandgap engineered QDs. All samples were
excited at a single wavelength which resulted in the emission of their respective
colors. The colored spheres illustrate the relative sizes of the CdSe quantum dots
in the vials (taken from http://probes.invitrogen.com).
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bandgap structure [21]. As the particle size decreases, the absorption onset and thus
emission shifts to lower wavelengths (blue shift). Fig. 4.2 shows the tunable emission
property of QDs via bandgap engineering, which depends on the crystal size. Surface
defects in the crystal structure may create temporary“traps”for the exciton and thus
prevent a radiative recombination. The main result of these surface traps are the
intermittence in the fluorescence (blinking), which is observed using single-molecule
microscopy [137], [77].
Inorganic fluorescent probes having the same surface chemistry with different emis-
sion bands ranging from near IR to blue, has thus been emerged. Due to their high
photostability and tunable emission properties, QDs became an important tool in
the toolbox of many biologists and chemists [20]. Longer-term observation of biolog-
ical events using a laser scanning confocal microscopy or single-molecule microscopy
observations of cellular events are some of the advantages QDs can offer due to their
high photostability.
4.2.1 (Bio)chemical modification of QDs
As discussed in 1.4.1, the high quality QDs (from hereon, the term QD is used
to represent CdSe QDs) are usually synthesized in organic solvents [30]. Though
water soluble QDs have also been synthesized [35], [36], still the most commonly
used approach to produce high quality fluorescent QDs is the synthesis in organic
solvent using TOPO as a stabilizer [30]. First to make them water soluble, and
later to target specific biological locations both in-vitro and in-vivo, various surface
modifications on QDs have been established. The first of this kind was introduced by
Alivisatos and co-workers [33] through silica coating of the CdSe QD surface. Later,
several molecules have ben found useful for a successful transfer of TOPO coated
QDs to water, which may allow further bio-functionalization of the QD surface. The
common group of molecules that has been used for the surface functionalization of
QDs are (i) ligand exchange using water soluble thiol- containing molecules [34] such
as oligomeric phosphines, [138], dendrons [139], and peptides [140]: (ii) encapsulation
by di/triblock copolymers [141], [142] silica shells [33], phospholipids [135], [136],
polymer shells [143], amphiphilic polysacharides [144].
4.2.2 Lipid modification of QDs
Among the possible surface functionalization shown above, coating of QDs using
phospholipid molecules stands as a very generic method to make them water soluble
and biocompatible due to the simplicity of the reaction procedure. Phospholipid
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modified QDs are found useful for investigating biochemical reactions in-vitro [135],
and when microinjected into live cells [136]. Additionally, the availability of various
types of lipid headgroups that may allow further (bio)chemical conjugation on the
surface of the QDs as well as the extreme biocompatibility of phospholipids make
this approach more attractive.
In a typical procedure, Geissbuehler et al. [135] developed a general and versatile
procedure to make TOPO coated QDs water-soluble, based on the self-assembly of
single lipid monolayers, and simultaneously decorate them with a diverse range of
multiple functionalities. The lipid coat shields the QDs perfectly from physical and
chemical modification. Simple control over the composition of the lipids (for exam-
ple: by varying the polar head groups of the lipid) used for self-assembly allowed
them to tune the physical (electrical charges, structures, entropic shielding) and
chemical (reactive group, biological recognition elements) surface properties of the
QDs. They have demonstrated that such multifunctionalized lipid-coated QDs can
bind different proteins per particle specifically and subsequently position themselves
on micropatterned surfaces to form nanometer-sized supramolecular structures of
higher complexity.
In a different approach, Dubertret et al. showed that TOPO coated QDs can be
further coated with micelle forming lipids [136], which allowed them an efficient
phase transfer of QDs from organic solvent to water. They encapsulated individual
QDs in phospholipid block-copolymer micelles (micelle composed of a mixture of n-
poly(ethylene glycol) phosphatidylethanolamine (PEG-PE) and phosphatidylcholine
(PC)) and demonstrated both in vitro and in vivo imaging. Here, PEG-PEs are the
micelle-forming hydrophilic polymer-grafted lipids. When conjugated to DNA, the
QD-micelles acted as in vitro fluorescent probes to hybridize to specific complemen-
tary sequences. Moreover, when injected into Xenopus embryos, the QD-micelles
were stable, nontoxic, and slow to photobleach.
4.3 Lipid vesicles
Lipid vesicles, or liposomes, are spherical, closed lipid bilayer structures which en-
trap part of the solvent, in which they freely float, into their interior. The size of
such vesicles ranges from 10 nm to tens of micrometers while keeping the membrane
thickness of about 4 nm. They are usually formed from amphiphilic molecules,
molecules having hydrophobic and hydrophilic groups. In general, they are not sol-
uble in water, instead form colloidal dispersions. The solubility of such amphiphiles
depends on the ordering of lipid molecules: the hydrophilic part (usually the lipid
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headgroups) tends to be in contact with water while the hydrophobic part (alkyl
chains) tends to be hidden inside the closed structures [72], (see section 1.5). With
respect to the size and lamellae, vesicles are classified into large multilamellar vesi-
cles (MLVs: 100 nm -2 µm), giant unilamellar vesicles (GUVs: 10-100 µm), large
unilamellar vesicles (LUVs: 100-200 nm) and small unilamellar vesicles (SUVs: 30-
100 nm). Phospholipid bilayers are known for their thermotropic phase transition
behavior [71] and thus the vesicles formed can be controlled thermally by changing
membrane composition. For instance, release of entrapped substances, fusogenic
ability, deformability etc. of lipid vesicles can be tailored well. The biological mem-
brane constitutes the fluid lipid bilayers (Fig. 4.3), which is responsible for defining
the size and shape of the organelle, act as a permeability barrier and provide stable
matrix in which several functional membrane proteins are embedded, showing the
biological relevance of bilayer lipid membranes.
Figure 4.3: The fluid mosaic model of cell membrane. The biological
membrane constitutes the fluid bilayer lipid membrane, which is responsible for
defining the size and shape of the organelle, act as a permeability barrier and
provide stable matrix in which several functional membrane proteins are embedded.
As mentioned earlier, the vesicles usually trap the part of the solvent in which it
is originally formed. This allows one to entrap certain molecules of interest into
the confined, size-tunable inner space of lipid vesicles through prior mixing in the
solvent. The closed lipid bilayer shell allows these entrapped molecules to cross
different hydrophobic barriers, which otherwise cannot, or to deliver those molecules
though other membranes. Fig. 4.4 shows the interaction of different molecules with
unilamellar vesicles. The water soluble ones are entrapped, whereas the amphiphilic
ones orient into the bilayers, and hydrophobic ones reside in the hydrophobic region
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of the bilayer.
Figure 4.4: Interaction of different molecules with lipid vesicles. The
molecules are entrapped inside or bound to the lipid vesicles depending on their
nature of solubility (adapted from [72]).
4.3.1 General methods of preparation of vesicles
There are many different methods for preparing different sized lipid vesicles. The
method of preparation strictly depends on the application. In model membrane
studies, often GUVs are used because of the huge size, which offers ease of optical
imaging whereas in drug or delivery applications SUVs are most commonly used.
The encapsulated volume is much lower in SUVs compared to GUVs. The entrapped
volume increases roughly as a cube of the radius. More precisely, with (r−δ)3, where
δ is the membrane thickness. In order to form lipid vesicles, the lipid molecules
must be introduced into an aqueous environment from the organic solvent, where
they usually available. Though lipid powders are also available, direct dispersion of
these powders in water or any other aqueous solvents wouldn’t yield lipid vesicles.
Following are the most commonly used methods to prepare lipid vesicles.
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Hydration of thin lipid film:
In this method, a thin film of lipid is dried in a clean, glass flask from an organic
solvent such as chloroform. The film is then dry well to remove any traces of chlo-
roform, which subsequently hydrated using water or other aqueous buffers. This
method generally results in the formation of heterogeneous dispersion of all sizes
and lamellae of vesicles. Fig. 4.5 shows a schematic representation of the most
common thin-film hydration approach to produce different kinds of lipid vesicles.
Thin-film hydration when performed through a very slow swelling process is termed
in this chapter as classical swelling whereas when performed with agitation is termed
as spontaneous swelling.
Figure 4.5: Thin-film hydration approach to produce lipid vesicles.
Schematic representation of MLV preparation (a-c) through agitation of the flask;
relatively homogeneous population of unilamellar vesicles can be prepared by fol-
lowing slow swelling process (classical swelling) as shown in (d). This approach
would result with a high percentage of GUVs [145]; (e) a dialyzed preparation
of (d) will ensure that all non-entrapped molecules are decanted away (adapted
from [72]).
The vesicles thus formed can be further treated mechanically to get more homo-
geneous vesicle population. For example, extrusion (forcing through filters having
defined pores) would result in vesicles with the sizes matching the pore size used.
Freeze-thawing is another approach to get more homogeneous and unilamellar vesi-
cles from a heterogeneous dispersion of vesicles. In applications that need SUVs,
the most commonly adapted method is sonication of few seconds using a bath or
tip sonicator. For the exclusive formation of GUVs, Akashi et al. [145] introduced a
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method that works in physiological conditions and with many different lipids. They
have produced GUVs in sizes ranging from 25-100 µm.
Though it has been widely used for more than few decades, the exact mechanism
of the process of thin-film hydration is not clear. The scheme in Fig. 4.6 shows
the possible mechanism in the formation of MLVs. Additionally, the number of
lipid molecules in the vesicle structure depends on the level of agitation and on the
macroscopic stacking and organization of the crystalline bilayers in the dry lipid
film.
   1    2           3 
   4      5       6 
Figure 4.6: Possible mechanism in thin-film hydration method of MLV
formation. Upon hydration, the dry phospholipid film tends to grow via self-
connected adjacent bilayers (right hand side of the drawing). The lines indicate
phospholipid bilayers and the arrows in 2 and 3 indicates the preferential direction
of the migration of the lipid bilayers (adapted from [72]).
Electroformation:
Though there were methods established for the formation of unilamellar lipid vesi-
cles, the sample heterogeneity is often a problem. Angelova et al. has first introduced
the method of electroformation in 1986 to overcome this problem [146] and still re-
mains the only method to produce homogeneous sample of GUVs. It is established
that lipid vesicles can be prepared from neutral as well as charged lipids and lipid
mixtures by inducing the swelling of lipid films by applying external electric fields
while the lipid films are swelled on electrode surfaces in aqueous media. The sizes,
lamellariry, and the yields of the resulting unilamellar vesicles can be controlled well
by the thickness of the initial lipid film, and the parameters of applied electric field.
The electroformation set-up (Fig. 4.7) consists of the electrodes on which the lipid
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Figure 4.7: Electroformation method to produce unilamellar lipid vesi-
cles. Two plane parallel transparent electrodes of ITO coated glass plates are
connected to an AC/DC source. The lipid film is dried in one of the electrode sur-
face, surrounded by a non-conducting spacer, which is then filled with water [147]).
film is dried and an external AC/DC supply. The AC supply is a low-frequency
generator (0.1-50 Hz at up to 7V). An oscilloscope is also connected to monitor
the applied parameters. As mentioned earlier, this method has been proven to be
efficient in making homogeneous GUVs from variety of lipid mixtures of different
polarity, chain length etc. In a typical protocol, the film dried on one of the ITO
coated glass electrodes will be hydrated, preferably at a temperature above the
phase transition of the lipid employed, by incubating with an aqueous buffer. An
alternating electric field of 1.2 V/10 Hz during the first 2 hours is applied for an
effective swelling followed by a lower frequency ( 2.0 V/4 Hz) for the next 1 hour.
The latter step will help the vesicles to become spherical and for an easy detachment
from the electrode surface.
Though there had been several speculations on the underlying mechanism of the
electroformation of vesicles, the exact mechanism of this event has still not been
completely understood. There are many possible mechanisms predicted but here
the discussion is limited to the most probable one. As depicted schematically in
Fig. 4.8, the predominant mechanism could be the electro-osmotic periodic move-
ment of the water medium at the water-electrode interface. These vibrations are
directed perpendicular to the electrode surface (Fig. 4.8a) and thus pulling off the
lipid lamellae from the electrode thereby they grow perpendicular to the electrode
surface (Fig. 4.8b). The size of this growth increases up to 10- 20 µm and at this
stage, two adjacently grown buds start to touch each other (Fig. 4.8c). As the
zone of contact increases, and at certain point they fuse together and form a large
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Figure 4.8: Possible mechanism in electroformation method of GUV
formation. Sketch showing vesicle AC electroformation. E¯ indicates the direction
of the external electric field (adapted from [147]).
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one. (Fig. 4.8d). The resulting large lipid bilayer structure slowly becomes a closed
sphere and eventually gets separated from the electrode surface (Fig. 4.8e).
Examples of GUV formation is shown in the confocal fluorescence images (Fig. 4.9,
Fig. 4.10). These images are presented only to show that the appearance of vesicles
are the same in both cases. The lipids used here is a mixture of DLPC and DPPC,
which is known to form vesicles showing phase domains [148], [149]. The images
shown here though do not show any phase domains but in the case of Fig. 4.10,
the lipids seem to have phase separated before vesicle formation, which resulted in
vesicles with two different composition.
ba c
Figure 4.9: Confocal fluorescence images showing GUVs formed using
classical swelling. A 30/70 mixture of DLPC and DPPC were swelled at 65 oC
using two different membrane dyes. These two lipids usually phase separate at
room temperature as DLPC is in the fluid and DPPC is in the gel phase. Bodipy
FL usually prefers DLPC phase than DPPC whereas DiI C18 prefers DPPC phase.
But in this particular vesicle shown here, both lipids are mixed and hence the
fluorescence is colocalized. (a) shows the emission from DiI C18 while (b) shows
the Bodipy emission. (c) is the overlay of the two (scale bar= 10 µm).
4.3.2 Applications of vesicles
The most important feature of lipid vesicles is their ability to trap, protect and carry
hydrophilic as well as hydrophobic molecules. Their similarity with cell membranes
and the possibility to undergo membrane modification to occupy several functional
moieties make them a very interesting candidate in diverse areas of fundamental and
applied research fields. The scope of this thesis doesn’t allow to give a full overview
of current applications of lipid vesicles. Instead, the discussion will be limited to the
following classes: (i) applications in biophysics/materials science, (ii) applications
in chemistry, (iii) applications in pharmacology and medicine, and (iv) applications
in diagnostics, food industry and cosmetics.
Biophysicists use planar and spherical bilayer lipid structures as model biomem-
branes since many vital cell-cell interactions such as adhesion, endo- and exo-cytosis
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Figure 4.10: Confocal fluorescence images showing GUVs formed using
electro-swelling. A 30/70 mixture of DLPC and DPPC were electro-swelled at
65 oC using two different membrane dyes as in Fig. 4.9. In this case, the lipids
were phase separated and formed individual vesicles bearing more DLPC (green)
and more DPPC (red). Moving from (a) through (f): the red vesicle was moving
and rolled over the green vesicle without getting fused to each other (scale bar=
10 µm).
can be studied in-vitro using lipid vesicles. Studies on the aggregation and fusion of
lipid vesicles is an important tool to understand certain biological events such as in-
fections, inactivation of viruses and cell transfection events etc. The process of fusion
has another important application, which will be discussed later, in understanding
and control the drug/gene delivery process and kinetics.
Materials scientists, on the other hand, make use of lipid vesicles and planar lipid bi-
layers for creating engineered surfaces. The membrane of lipid vesicles with its highly
tailorable in terms of charge density, binding specificity etc, and immunoliposomes
with attached proteins or antibodies are important tools for making biocompatible
surfaces. Such biocompatible surfaces are important in cell-cell and ligand-receptor
interaction studies in-vitro.
The interest of lipid vesicles in chemistry is more for practical applications by uti-
lizing mainly the confinement offered by these closed structures. The formation of
inorganic nanoparticles inside lipid vesicles and lipid tubules have already been dis-
cussed in (1.4.2). The same principle of compartmentalized chemical reactions have
been used widely in the filed of biomineralization, which also has been discussed
already (1.4.2) and several studies have shown that lipid vesicles are important can-
didates in achieving such controlled mineralization. Also, encapsulated magnetic
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nanoparticles inside lipid vesicles have been found useful in medical applications.
The pharmacological as well as medical applications of lipid vesicles are known since
many years and the main reason for researchers to choose lipid vesicles for this pur-
pose is nothing but its nontoxicity and biocompatibility. Not all lipid compositions
are equally tolerated by the human body, though. Considering for example, the
use of lipid vesicles as drug delivery systems: The ability of vesicles to carry cargos
in attoliter volumes [127] and release them on request are the two most important
properties in this respect. The chemical& mechanical stability of vesicles are equally
important for applications as drug carriers in the body. PEG modified vesicles were
found to have a higher circulation time than non-modified vesicles. Many studies
have been performed or are under development and might produce potential smart
drug delivery systems. Another important medical interest of lipid vesicles is their
possible use in anticancer therapy through its systematic or sustained release as well
as site avoidance and tumor targeting.
Other applications of lipid vesicles are in diagnostics, food industry and in cosmet-
ics. Lipid vesicles loaded with radioactive or magnetic particles are proven to be
useful in medical imaging techniques such as radiography and magnetic resonance
imaging (MRI). The use of lipid vesicles in food industry is based on their emulsify-
ing properties. The encapsulation capability of vesicles also have serious impact in
food industry. For example, in cheese making, encapsulated enzymes can improve
the fermentation time by half at present, which have been improved in recent years.
Finally, the cosmetic applications: the ability of lipid vesicles to dissolve simulta-
neously the hydrophobic and hydrophilic substances make it a useful candidate in
this particular industry. Vesicles can help to dissolve water insoluble ingredients,
can form a viscous matrix and thus introduce a long lasting and unwashable film,
can enhance penetration, as well as can humidify the skin.
4.4 Fabrication of lipid/QD hybrid vesicles
Depicted in Fig. 4.11 are the steps involved in the fabrication of the lipid/QD hy-
brid vesicles (HVs). A solution of TOPO (trioctylphosphine oxide) coated CdSe
QDs and lipids in chloroform is dried in a vial to form a multilamellar lipid film,
from which by hydration under water vesicles were spontaneously formed. We have
tried a wide range of phospholipid molecules (different headgroups, various alkyl
chain lengths, etc.) as well as different established methods of formation (classical
swelling, electroswelling) of liposomes [145], [146]. More precisely, the HVs were
prepared using saturated lipids such as DLPC, DMPC, DPPC and DSPC as well
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as unsaturated lipids such as DOPC and DOPG using classical and electro swelling.
We found that the formation of the HVs is not limited to any particular class of
lipid and/or method of formation. HVs with sizes ranging from 50 nm to few tens
of micrometers can be produced in a controlled manner.
  hydration
 of dry film TOPO-coated 
CdSe Q-dot
Lipid molecule
Lipid multilayer
Figure 4.11: Steps involved in the formation of lipid/QD hybrid vesi-
cles. Chloroform solutions of lipid molecules and QDs are mixed, dried and then
hydrated using water, which resulted in the formation of lipid/QD HVs. Depend-
ing on the method of vesicle formation adopted, small, large and giant vesicles with
uni or multi lamallarity can be prepared.
Experimental part:
Lipids used:
. 1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC)
. 1,2-Dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP)
. 1,2-Distearoyl-sn-glycero-3-phosphatidylethanolamine-N-[biotinyl (polyethylene-
glycol)2000] (ammonium salt) (DSPE-PEG2000-biotin)
. 1,2-Dipalmitoyl-sn-glycero-3-phosphatidylethanolamine-N-[methoxy (polyethylene-
glycol)2000] (ammonium salt) (DPPE-PEG2000)
(All lipids used were from Avanti Polar Lipids)
Preparation of Hybrid Vesicles (HVs):
(1) Classical Swelling: Chloroform solutions of DMPC (1.5 mM, 100 µL), DSPE-
PEG2000-biotin (0.6 mM, 5 µL) and CdSe/TOPO QDs (5 µM, 10 µL) were mixed
and dried in vacuum for 4 h in a teflon chamber. The film was then hydrated
overnight at 37 oC by incubating with 0.1 M sucrose.
(2) Electroswelling: Chloroform solutions of DMPC (1.5 mM, 100 µL), DSPE-
PEG2000-biotin (0.6 mM, 5 µL) and CdSe/TOPO QDs (5 µM, 10 µL) were mixed
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and dried in vacuum for 4 h on an ITO (Indium Tin Oxide) coated glass slide
(Sigma). The film was then hydrated at 37 oC by incubating with 0.1 M sucrose
and applying an alternating electric field of 1.2 V/10 Hz during the first 2 h for an
effective swelling and then 2.0 V/4 Hz for the next hour for an easy detachment of
the formed vesicles.
Cryo-electron microscopy (Cryo-TEM):
Samples for Cryo-TEM were prepared as described elsewhere [150] using 4 µL of
classically swelled HVs, which then sonified in a bath sonifier for 10 seconds for
making small (50-200 nm) HVs. The images were recorded at -172 oC using a
CCD camera equipped in a Philips CM12 electron microscope operated at 80 kV.
The cryo-TEM images performed using different concentrations of 3 nm CdSe QD
solutions to a fixed concentration of DMPC (Fig. 4.12b&c) show that stable HVs
are formed at all the concentrations. The bilayer membrane is clearly visible in (a)
and (c). The cryo-TEM images doesn’t clearly show the QDs in the HV membranes
could be due to the extremely low concentration of QDs used as well as the resolution
limit of this method. The fluorescence microscopic images of giant uni and multi
lamellar HVs (Fig. 4.13) also provide evidence that HVs were formed, which carry
fluorescent QDs in the bilayer membrane.
a) b) c)
Figure 4.12: Cryo-TEM images of small. unilamellar lipid/QD hybrid
vesicles. (a) Pure DMPC vesicles, (b) HVs made of DMPC with 5 µM QD
solution, and (c) HVs made of DMPC with 25 µM QD solution (scale bars=100
nm).
4.4.1 Membrane imaging
For the ease of observation by confocal microscopy, we have first fabricated giant
vesicles (1 - 50 µm) by classical swelling. Biotinylated HVs in 0.1 M sucrose were
incubated on a glass coverslip, which was pre-treated with 0.1 mg/mL avidin, in 0.1
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M glucose. The glucose solution was used to keep the osmotic pressure balanced
while allowing quick settling of sucrose filled HVs. Fig. 4.13a-c shows representative
confocal cross-sections of vesicles (formed via classical swelling) appearing as clear
and sharp fluorescent circular perimeters. These images are comparable with those
known to result from vesicles stained with fluorescent organic dyes [145], and shown
for comparison as inset of figure 1c. This demonstrates that the hydrophobic QDs
must be integrated in or attached to the lipid bilayer of the HV. A high yield of
giant unilamellar vesicles was obtained along with some mutilamellar ones, as is
usually the case with this approach. Electroswelling [146], in turn, produced more
homogeneous unilamellar structures (Fig. 4.13d).
b)
c)
a)
d)
Figure 4.13: Confocal fluorescence cross-section image of HVs made of
DMPC. (a) Population of fluorescent HVs in a typical classically swelled sample
(scale bar=20 µm), (b) close-up view of two adjacent unilamellar HVs. The inset
shows an image of vesicles stained with rhodamine labeled lipids (scale bars=10
µm), and (c) a multilamellar HV (scale bar=10 µm). A representative HV formed
via electroswelling (d) that resulted more homogeneous, unilamellar structures
(scale bar=10 µm).
Fig. 4.14 shows the absorption and the emission spectrum of the hydrophobic QDs
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employed in the production of the hybrid vesicles. TOPO stabilized CdSe QDs
were synthesized as published elsewhere [17] and isolated in toluene. For the HV
preparation, the QDs in toluene was transferred into chloroform through solvent
exchange. The spectral properties (position of maxima, narrow emission spectrum)
indicate a uniform size of about 3 nm of the CdSe QD core [30]; including the
hydrophobic coating, our TOPO/QDs have a size of about 5 nm.
0.3
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Figure 4.14: Typical absorption/emission spectra of the CdSe QDs used
in the preparation of HVs. The spectra were recorded in toluene solution. The
X- axis shows the absorption/emission wavelengths scanned in nm and the Y- axes
indicating the absorptivity (left) and fluorescence intensity (right) in arbitrary
units. The narrow emission spectrum indicates uniform size (ca 3 nm) of the QDs.
Current limitations due to photobleaching of organic membrane dyes in acquiring
high-resolution images, thin z-sectioning for eventual 3D- reconstruction and longer-
term in-situ observations could be solved by using our hybrid vesicles. Though
core-shell QDs [151] offer higher photostability compared to core-only QDs, confocal
imaging under maximum laser output conditions were performed uninterruptedly for
hours using our TOPO coated QDs. The imaging of vesicles, planar lipid bilayers, as
well as lipid monolayers at the air-water interface can thus be performed for hours,
which is of interest for studying phase diagrams and phase separation phenomena
in lipid mixtures [149], [148] [152], [153], [154].
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Figure 4.15: Imaging single QDs in the bilayer of an immobilized giant
vesicle. (a) The fluorescence micrograph shows a representative image of single
QDs in the planar bilayer region attached to the glass surface at 5 o C (scale bar=
10 µm). The inset shows a photo-bleaching profile of a single QD. (b) Calculated
MSD values (mean of 3 experiments) of the trajectory of single QDs diffusing in
a lipid bilayer are plotted as a function of time at 30 oC for a fluid lipid bilayer
(top) and at 5 oC for an ordered lipid bilayer (bottom). From the MSD values,
it is obvious that QDs are immobile in the ordered lipid bilayer. The diffusion
coefficient of QDs in the fluid lipid bilayer is calculated from the corresponding
slope. (c) Cryo-TEM image of a collapsed HV at twice higher QD concentration
than used for confocal microscopic images shown in figure Fig. 4.12c. The ca 3 nm
sized QDs (dark spots) are randomly distributed in the vesicle’s lipid bilayer (scale
bar= 25 nm).
4.4.2 Diffusion of QDs in the supported hybrid bilayer membrane
Calorimetric measurements revealed the ordered-fluid phase transition temperature
(Tt) of the HVs at 23.5 oC, which is nearly identical as for pure DMPC bilayers [71].
This is actually not surprising considering that the lipid/QD molar ratio of our
vesicles is 3000. Furthermore, we studied the lateral diffusion of QDs in the lipid
bilayer above and below Tt of giant vesicles of DMPC immobilized on a glass plate.
The HVs for the single molecule imaging were prepared as described above using
0.05 µM QD solution (see the experimental part of section 4.4). The immobilization
on a glass coverslip was performed as described above (4.4.1).
Fig. 4.15 depicts fluorescence microscopic images of single QDs obtained from the
planar membrane region of an immobilized vesicle that is in contact with the glass
support. We have observed substantially different diffusion of single QDs within the
membrane below and above the Tt of the lipid bilayer. Fig. 4.15a shows single QDs
observed at 5 oC (<Tt) with the inset of a single-step photobleaching profile of an
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individual QD, proving the spots as single QDs. The single molecule experiments
were performed on a modified epiluminescence wide-field microscope (Axiovert 100
TV, Zeiss). Circularly polarized light of 488 nm of an Ar+ laser (Innova Sabre,
Coherent) was directed by a dichroic mirror (Q495LP, Chroma) into a microscope
objective (C-Apochromat 63x, 1.2 NA, W Korr, Zeiss) to illuminate a 35 µm diame-
ter region of the sample. The sample temperature was controlled using a thermostat
attached to the sample stage.
Trajectories of individual QDs were constructed using a custom developed single-
particle tracking algorithm [155]. Mean-square displacements (MSDs) were obtained
from the cumulative distributions of square displacements of 80 particles at different
delay times assuming a two-component model above the lipid phase transition tem-
perature, and a one-component model below. From the mean square displacements
(MSD) of the diffusing single QDs in the bilayer membrane we calculated the lateral
diffusion coefficient D as shown in Fig. 4.15b. In the fluid lipid bilayer at 30 oC, the
lateral diffusion of the QDs (D = 0.3 · 10−8 cm2/s) is about 10 times slower than
that of a lipid molecule (D = 4 · 10−8 cm2/s) [148]; this reduced diffusion could be
due to the larger size of the QDs compared to lipid molecules. The actual diffu-
sion coefficient might be slightly larger because of a systematic underestimation of
fast particles by the single particle-tracking algorithm [155]. In the fluid membrane
phase, 75% of the tracked particles follow the diffusion profile whereas 25% are less
mobile. The tracked single QDs in the ordered bilayer state (T<Tt) are nearly im-
mobile as revealed by the negligibly small MSD values. It is important to mention
here that the switching of the diffusion properties of the QDs occurs exactly at 23.5
oC, which is identical to the phase transition temperature observed in the calorimet-
ric measurements. These observations show that the QDs are tightly associated to
the lipid membrane because otherwise there would be little or no effect with respect
to the membrane state.
It has been suggested that hydrophobic QDs could be incorporated into lipid bilayers
and thereby achieve efficient phase transfer from organic to aqueous medium [133]
and study membrane association by FRET in-vitro [134]. In spite of these exper-
imental approaches, predicting the exact location of the QDs relative to a lipid
bilayer remains a difficult task, where artefacts and over interpretations have to be
carefully avoided. For all applications discussed in this chapter, it is sufficient to
know that the QDs are stably associated with the bilayer, irrespective of whether
they are fully or only partially inserted in the lipid bilayer.
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4.4.3 Controlled targeting live cells
The interactions of the fluorescent HVs with living cells have been tested for two
different lipid compositions.
Experimental part:
Cell Culture: Adherent human embryonic kidney cells (HEK293) were cultured
in Dulbecco’s Modified Eagle Medium (D-MEM) (Gibco, Invitrogen, USA) supple-
mented with 2.2% fetal calf serum (Gibco, Invitrogen, USA), in a humidified 5%
CO2 atmosphere at 37 oC. Cells were split in regular intervals. For confocal mi-
croscopy, HEK293 cells were seeded into 6-well plates TPP (Trasadingen, Switzer-
land) containing 25 mm diameter glass coverslips (Assistent, Germany), in 2 ml
culture medium containing 2.2 % fetal calf serum. The cells were grown for 24 h at
37 oC, were then washed with phosphate buffered saline (PBS) and used for further
experiments.
Cells/Construct I HVs: Chloroform solutions of DMPC (1.5 mM, 75 µL), DOTAP
(1.5 mM, 25 µL) and CdSe/TOPO QDs (5 µM, 10 µL) were mixed and dried in
vacuum for 4 h and the film was then hydrated at 40 oC in PBS under vigorous
mixing. The solution was then sonified in a bath sonifier for 10 seconds. 10 µL of
this solution of small (20 - 100 nm) HVs were added to the cells suspended in 500
µL PBS.
Cells/Construct II HVs: Chloroform solutions of DMPC (1.5 mM, 75 µL), DOTAP
(1.5 mM, 25 µL), DPPE-PEG2000-PE (0.6 mM, 5 µL) and CdSe/TOPO QDs (5
µM, 10 µL) were mixed and dried in vacuum for 4 h and the film was then hydrated
at 40 oC in PBS under vigorous mixing and the solution was then sonified in a bath
sonifier for 10 s. 10 µL of this solution of small (20 - 100 nm) HVs were added to
the cells suspended in 500 µL PBS.
The cryo-TEM image (Fig. 4.16) shows that the construct II form stable, closed
nanocontainer HVs. At higher concentrations, PEG lipids predominantly form mi-
celles. In our case, it is explicitly clear that the constructs used for different targeting
to live cells form closed, spherical vesicles. TEM images of construct I vesicles (not
shown) are very similar in shape.
Construct I HVs are designed for transfer into the cell (Fig. 4.17b). The bilayer of
small (20-100 nm; characterized by electron microscopy, similar as in Fig. 4.16, HVs
consists 25% of a positively charged lipid (DOTAP), which is known to enhance the
cellular internalization [156], [157], and 75% DMPC. Lipid/QD hybrid structures
were found inside the cytosol within seconds after incubation with cells (Fig. 4.17a).
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Figure 4.16: Cryo-TEM image indicating formation of Construct II
HVs. This image shows that the construct II HVs that has been used to fuse
with live cells are nanocontainers that can potentially carry any water soluble
molecules in it (scale bar = 100 nm).
This efficient uptake might allow further targeting of lipid/QDs to specific locations
inside live cells through prior decoration of the hybrid vesicle surface with specific
receptors [158], [159]. Despite the universal use of cationic lipids in DNA transfection
experiments [156], the exact mechanism of this event is still not clear [160], [161].
Construct II HVs have been designed to fuse with the plasma membrane of a live cell
(Fig. 4.18b). This process is usually very difficult to achieve at room temperature
[162], [163], [131]. As in the preceeding experiment, small (20-100 nm, Fig. 4.16)
HVs are used which now comprise 25% of a positively charged lipid (DOTAP), 0.5%
DPPE-PEG-2000 and 74.5% DMPC. Fig. 4.18a shows a confocal image of live cells
that have been incubated with construct II vesicles. Interestingly in this case the
cell membrane is selectively labeled and no fluorescence has been observed in the
cytosol even after 1 hr of incubation. The mechanism is difficult to understand but
we speculate that the membrane incorporated PEG-molecules act as a transient-
barrier [164], [165] between the cationic liposomal and anionic cellular membranes,
thus preventing them from getting internalized. At this distance (nm range), the
collective process of electrostatic attraction (due to positively charged lipids) and
membrane vulnerability (due to PE lipids and QDs) triggers the fusion between the
membranes.
The appearance of QD fluorescence in the cellular membrane (Fig. 4.18a) could be
either due to stable adhesion of intact vesicles on the surface of the plasma membrane
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Figure 4.17: Interaction of construct I HVs with HEK293 cells. Confocal
micrographs of HEK293 cells 30 s after addition of vesicles: (a) construct I vesicles
are totally internalized into the cells, and (b) shows a schematic representation of
the possible event (scale bar = 10µm).
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Figure 4.18: Interaction of construct II HVs with HEK293 cells. Confocal
micrographs of HEK293 cells 30 s after addition of vesicles: (a) construct II vesicles
selectively labeled the cell membrane without internalization into cytoplasm, and
(b) shows a schematic representation of the possible event (scale bar = 10µm).
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or due to fusion between the bilayer of HVs and the plasma membrane resulting in
integration of the QDs into the cell membrane. For better understanding of the
exact event, the HVs were used as nanocontainers filled with aqueous CaCl2 and
incubated with cells, which were loaded with Fluo-3 (a fluorescence indicator to
measure Ca2+ ion concentration in the cytoplasm).
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Figure 4.19: Ca imaging using CaCl2 encapsulated construct II HVs on
HEK293 cells. Series of confocal images (a) (recorded at 300 milliseconds scan
rate showing the fluorescence intensity response of Fluo-3 inside HEK293 cells at
different times after fusion with construct II vesicles loaded with 1 mM CaCl2. (b)
The transient Fluo-3 fluorescence signals of a few representative cells are depicted
(numbers correspond to numbered cells in (a)).
In a typical experiment for intracellular Ca2+ signaling tests, HEK293 cells were
grown on sterile microscope coverslips as described above. 24 h after seeding at 37
oC in D-MEM medium containing 2.2 % fetal calf serum, cells were loaded with
Fluo-3 dye (Molecular Probes, Invitrogen, USA) by incubating in serum-free D-
MEM medium containing Fluo-3 for 30 min at 37 oC. Thereafter Fluo-3 containing
medium was replaced by D-MEM medium supplemented with 10% fetal calf serum
and incubated for 30 min at 37 oC. Subsequently, dye-loaded cells were washed
with PBS and subjected to Ca2+ imaging. Construct II vesicles were prepared as
explained above in 1 mM CaCl2/PBS. 10 µL of a solution of such small (20 - 100
nm) vesicles loaded with CaCl2 were applied to the cells suspended in 500 µL PBS.
After a certain time lag the cells responded by a transient intracellular Ca2+ ion
concentration increase (Fig. 4.19) followed by selective labeling of the plasma mem-
brane (similar as in Fig. 4.18a for an experiment without intracellular Fluo-3). The
intracellular Ca2+ concentration increase is transient because the Ca2+ vesicle cargo
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released into the living cells becomes accommodated in the endoplasmic reticulum
by the cellular machinery. The following control experiments were performed to
prove the fusion capability of the hybrid nanocontainers: (1) When adding 1 mM
CaCl2/PBS without vesicles to the external medium of cells loaded with Fluo-3, the
cells did not give an intracellular Ca2+ response. (2) Addition of HVs without CaCl2
cargo to Fluo-3 loaded cells did also not induce an intracellular Ca2+ response. This
shows that the Ca2+ ions were not generated inside the cells through any kind of
activation of intracellular Ca2+ ion stores upon the vesicle interactions with the cel-
lular membrane surface, but was delivered into the cell from the nanocontainers via
fusion.
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Figure 4.20: FCS experiments on HV membrane and HV fused cell
membrane. FCS autocorrelation curves showing diffusion times of QDs in differ-
ent environments. Diffusion times of QDs in the cell plasma membrane observed
after the fusion of HVs with the cell (green) is nearly identical with that in the
lipid bilayer of an immobilized giant HV (black). The red curve shows the diffusion
of small (20-100 nm) HVs (construct II) in solution.
Fluorescence correlation spectroscopy (FCS) measurements have been performed on
the plasma membrane of live cells after incubating them with construct II vesicles
in order to exclude any possibility that nanocontainers are simply adsorbed on the
cell membrane e.g. via electrostatic interaction. The samples were excited at 488
nm with an argon ion laser ( 3 kW/cm2), and its fluorescence was detected through
a pinhole (70 µm diameter) and a 505 nm long-pass filter. The excitation intensity
was adjusted to maximize the detected counts per particle. For each series of FCS
measurements, a standard calibration was performed using Rhodamine 6G in PBS
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solution at pH 7.4 [166]. Fig. 4.20 shows the measured auto-correlation functions
(ACFs). The ACFs of QDs in the plasma membrane (green) and in the lipid bilayer
of immobilized micrometer-sized vesicles (black) are very similar, whereas the ACF
of a solution of small unilamellar vesicles show much slower diffusion (red). This
demonstrates that the QDs reside within the plasma membrane of the cell and
gives additional proof that the observed cell membrane labeling and subsequent
Ca2+ influx is due to fusion between vesicle bilayer and cell membrane. Using this
approach, one can potentially carry any water-soluble material that can be enclosed
inside the nanocontainers and deliver them into the live cells.
4.4.4 Discussion
Using QDs in biological cells always pose concerns about potential cytotoxicity. It
has been found that unmodified TOPO coated QDs are toxic to live cells [167]
probably by releasing Cd2+ ions into the cell due to poor surface coverage. Proper
surface coating of QDs seems to avoid direct contact of the QD core to cells [167].
However, in our experiments the QD/vesicles did not show any cytotoxic effects
even after 3 hours of incubation with live cells. This indicates, but of course does
not prove, that our QDs are well embedded in the membrane rather than at the
membrane-water interfacial region. The in-vivo experiments reported elsewhere us-
ing lipid-coated QDs [136] also did not show any cytotoxic effects in embryonic cells,
suggesting lipid coating is an effective way to make QDs biocompatible.
Our results imply that cell and lipid membranes, and certainly also the walls of
polymeric vesicles [168], [169] can integrate any kind of hydrophobic nanoparticles
whose size matches the membrane thickness. The incorporation of, for instance,
nanometer-sized magnetic [170], [171], [172], or metallic particles [173], [174] into the
membranes will transform the properties of the cells or vesicles accordingly and open
novel possibilities to manipulate them as individuals or in ensemble with widerang-
ing applications for nanoscale reactors [118], [127], [70], [108], cellular targeting [175],
targeted drug delivery, [176], [177] contrast agents [178], [179], [180] etc. The col-
lective magnetic properties offered by the supramolecular membrane systems will
add complementary advantages compared to individual biopolymer-modified, large
magnetic nanoparticles [47]. Another interesting field of investigation in the present
context are Au nanoparticles; they are known for their thermal response to radio and
photo irradiations, which presently receives great attraction in photo/radiotherapy
as magnetic particles in hyperthermia aided diagnostics and treatment [174].
The facile, controlled targeting achieved with the HVs is extremely interesting as
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the diverse lipid chemistry could lead to novel in-vivo and in-vitro applications. For
instance, prior incorporation of specific ligands in the membrane of construct I HVs
(Fig. 4.17) and subsequent targeting to living cells could help in transporting them
into the respective cellular locations, which upon selection of appropriate nanocrys-
tal, can be used to control, to kill or to cure specific locations inside the cells. The
construct II HVs (Fig. 4.18) on the other hand, could be interesting to label cellular
membranes specifically with other kinds of nanocrystals viz, metallic or magnetic,
depending on the application. The fusion properties of construct II HVs can be
extremely useful to transport many non-membrane crossing molecules or drugs into
the cells.
4.4.5 Perspectives
Looking at the results presented in this chapter, one could think of a potential multi-
stimulus-responsive drug delivery system. For instance, the design and construction
of a 3-in-1 optical/magnetic/thermal responsive hybrid nanocontainers (Fig. 4.21)
can be done through simple mixing of respective nanocrystals at the initial prepara-
tion step. Thus many permutations are possible with this smart organic/inorganic
hybrid nanocontainers. Furthermore, extension of spherical constructs into tubu-
lar hybrid nanocontainers using tubule forming lipid molecules, a potential multi-
stimulus-responsive cargo system with zero-order kinetics [181], [182] could be fab-
ricated, which may find interesting applications in sustainable drug-delivery.
In short, we have described the fabrication of highly controllable organic/inorganic
hybrid vesicles where nanometer-sized particles are confined to 4 nm thick mem-
branes. The tunable size, switchable physical properties, response to multiple ex-
ternal stimuli and above all the controlled cell fusion capacity make them very
promising tools in nanobiotechnology.
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Figure 4.21: Potential 3-in-1 multi-stimulus responsive cargo system.
Envisioning a potential multi-stimulus responsive system for controlled live cell
targeting applications. The hydrophobic nanocrystals dissolved in the membrane
are: fluorescent QDs (red), metallic nanocrystals (blue) and magnetic nanocrystals
(green) (Angew.Chem. Int. Ed., 2006 (in press)).
Chapter 5
“Lipid Chemistry”- Based
Organization of Quantum Dots
5.1 Introduction
Self-assembly of nanocrystalline materials has great potential in future nanodevice
construction as the interaction between such assembled components can result re-
markable properties [183] due to tailorable interparticle separation. As a conse-
quence, new tools for the synthesis, modification, assembly and characterization has
been established by several research groups in the last decade. Non-covalent inter-
actions such as DNA-based reversible organization of Au nanocrystals into macro-
scopic aggregates [184], [185], polymer- mediated assembly of nanoparticles [186],
virus based organization of quantum dots [122], ligand-receptor mediated organiza-
tion [77], light driven assembly of nanoparticles [187] etc show the diverse approaches
that have been used so far to make such functional assemblies. Nanocrystal superlat-
tices [31], [188] based on covalent interactions [189], [190] have also been ascertained
by different researchers using the well-established self-assembly technique to form
layer-by-layer engineered surfaces [191]. The primitive building blocks in all these
approaches are monolayer protected nanocrystals, which can be produced from a
wide variety of materials depending upon specific applications. It has already been
shown in the previous chapter (Chapter 4) that hydrophobic QDs can be arranged
in the bilayer membrane of phospholipids and the resulting hybrid nanocontainers
have been found useful for biological applications in-vivo and in-vitro [192]. This
chapter, on the other hand, describes an easy and versatile method for the surface
modification of TOPO coated CdSe QDs [20], [135] using nonbilayer forming lipid
molecules [72], which upon applying conventional lipid chemistry, has been reversibly
organized into microscopic fluorescent structures.
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5.2 Self- assembly of nanocrystals
The assembly of nanocrystals into mesoscale architectures [184], [186] has widespread
interests as molecules enable greater ability of control than atoms when used as
building blocks for new materials [183]. Two research groups in parallel have pub-
lished their findings regarding DNA assembly of nanocrystals in the same issue of
Nature/382, 1996 [184], [185]. The DNA-based rational assembly of Au NPs showed
first time evidence that NPs could be organized reversibly [184] into macroscopic
aggregates. The reversible assembly in this case has been achieved through heating
above the dissociation temperature of the DNA duplex that hold the NPs together.
Also, assembly of semiconducting QDs using selected peptide [123] and engineered
virus molecules [122] have been found useful in achieving controlled assembly of
nanocrystals in extended length scales. As shown by Boal et al. [186], the shape and
size controlled organization of nanoparticles (Fig. 5.1) by making use of binding com-
plementarity of certain polymers is remarkable due to the fact that unlike what have
been published before, they could achieve defined shapes to the resulting NP aggre-
gates as can be seen in Fig. 5.1b. Recently, thermodynamically driven self-assembly
of CdSe/ZnS QDs into fluorescent dendrites has been published [193], which may
find interesting applications in artificial light-harvesting and light-emitting systems.
a)
b)
Figure 5.1: Schematic of the polymer-mediated organization of NPs.
Polymer binding technique has been used for the self-assembly of nanoparticles as
shown in the scheme (a) and a representative TEM image showing a spherical,
assembled Au NPs (scale bar= 50 nm).
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5.3 Nanocrystal superlattices
The self-organization of CdSe QDs into three-dimensional semiconductor QD su-
perlattices has been demonstrated by Murray et al.. in 1995 [31]. The size and
spacing of the QDs within the superlattice are controlled with near atomic preci-
sion. Later in 1998, J. R. Heath and colleagues showed that Ag NPs ca. 2-5 nm
can be successfully organized into 3D superlattices with an impressive interparticle
separation of around 5 A˚ [188]. This has been achieved through compression of a
monolayer of hydrophobic Ag NPs, stabilized using thioalkanes of different chain
lengths, from an average separation between the surfaces of the metal cores 12 A˚
(Fig. 5.2b). The linear and nonlinear optical properties evidenced the interpar-
ticle coupling phenomena. Another layer-by-layer assembly approach from C. N.
R. Rao and his co-workers [189] showed the flexibility of such constructs though
his demonstrated fabrication of hetero superlattice structures of metal-metal and
metal-semiconductor by using dithiols as cross-linkers (Fig. 5.2a).
a)
b)
Figure 5.2: Nanoparticle superlattices. a) Illustration showing a layer-by-
layer approach to form superlattice structures from different NPs ( [189]). b) TEM
image of LB film of decanethiol-capped Ag NPs separated by 12 A˚ (scale bar= 10
nm) [188].
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5.4 Properties and applications
The fabrication of self-ordered superlattices of controlled size and shape is expected
to have important applications in constructing nanodevices. Application of 1D and
2D superlattices of small metal NPs in nanoelectronic devices (single electron tran-
sistor, nanowiring), application of 2D superlattices of ferromagnetic FePt and CoPt
NPs in nanomagnetic devices (ultra-high density magnetic recording media) and
application of 3D superlattices of Ag and Cu nanoparticles in nanooptical devices
(optical switch) are some of the applications that have been ascertained. The phys-
ical properties of NP assemblies are predominated by particle size, interparticle
spacing, and the symmetry of ordering, of which the first two parameters can be
easily controlled. The combination of the chemistry of novel, controllable organic
bridging molecules with the nanocrystal colloidal chemistry will result new func-
tional meso-assemblies that will contribute to the generation of future nanodevices
with low-cost and low-energy consumption.
5.5 “Lipid chemistry”- based organization of QDs
The chemistry of lipids has been studied well in the last few decades due to its
importance in fundamental and applied scientific research [71], [72], [73]. It has
already been discussed in this thesis (see section 1.5) the unique thermotropic and
lyotropic properties of phospholipids as well as the shapes of resulting structures
when dispersed in aqueous solution (Fig. 1.9). So far, we have utilized the bilayer
forming phospholipids for the fabrication of novel functional nano/mico structures
as presented in chapters 3 & 4. It has been already shown [135] that lipid molecules
could be used for coating hydrophobic QDs and thereby making them water solu-
ble as well as multifunctional for use in-vitro. Lipid molecules are known for their
ability to form molecularly ordered phases depending on the packing geometry, con-
centration and pH conditions [73]. Here, we have exploited the ordering property of
phospholipids by selectively choosing specific lipid molecules that form nonbilayer
lipid phases [72] that could produce novel QD based functional assemblies in a con-
trolled way via careful tuning of the above mentioned properties. Fig. 5.3 shows the
scheme of the experimental approach we have used to make the QDs charged and
render them water soluble. The lipid used in this study to form lipid coated QDs
(QD/lipids) (see Fig. 5.3) is 1,2-dipalmitoyl-sn-glycero-3-phosphatidic acid (DPPA).
DPPA predominantly forms hexagonal phases (see Fig. 1.10 of 1.5.2) [72], [194] upon
addition of Ca2+ or at a pH below 6 in water. We have made use of this particular
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property of DPPA in the present study to form mesoscale self-assemblies of QD
based structures both in solution and in confined systems.
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Figure 5.3: Scheme of the surface modification of QDs. Chloroform solu-
tions of TOPO-coated CdSe QDs and DPPA were mixed, dried and hydrated at 60
0C for 12 hours resulting formation of water soluble QDs coated with a monolayer
of DPPA.
Experimental Part:
Lipids used:
. 1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC)
. 1,2-Dipalmitoyl-sn-glycero-3-phosphatidic acid (DPPA),
. 1,2-Distearoyl-sn-glycero-3-phosphatidylethanolamine-N-[biotinyl (polyethyleneg-
lycol)2000] (ammonium salt) (DSPE-PEG2000-biotin)
(DMPC and DPPA were from Fluka whereas DSPE-PEG2000-biotin was from
Avanti Polar Lipids)
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Figure 5.4: Steps involved in the formation of QD/lipids in solution
and in vesicles. (a) 100 % DPPA: Chloroform solutions of TOPO-coated CdSe
QDs and DPPA were mixed, dried and hydrated at 60 0C for 12 hours result-
ing formation of water soluble QDs coated with a monolayer of DPPA, (b) 70 %
DPPA and 30% DMPC: Chloroform solutions of TOPO-coated CdSe QDs, DMPC
and DPPA were mixed, dried and hydrated (through electroswelling) at 60 0C
resulting formation of QD/lipids encapsulated vesicles, (c) 30 % DPPA and 70%
DMPC: Chloroform solutions of TOPO-coated CdSe QDs, DMPC and DPPA were
mixed, dried and hydrated (through electroswelling) at 60 0C resulting formation
of QD/lipids encapsulated vesicles with more QDs arranged in the DMPC bilayer,
and (d) Chloroform solutions of DMPC and TOPO-coated CdSe QDs are mixed,
dried and then hydrated (through electroswelling) using water, which resulted in
the formation of lipid/QD HVs.
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Preparation of QD/lipids:
Chloroform solutions of DPPA (1.5 mM, 100 µL) and CdSe/TOPO QDs (5 µM,
10 µL) were mixed and dried in vacuum for 4 h in a round-bottom flask. The film
was then hydrated overnight at 60 oC by incubating with 1mL, 0.1 M sucrose or
nanopure water (Fig. 5.4a). The fluorescent solution obtained were characterized
using confocal, FCS as well as fluorescent spectroscopic techniques.
Directed self-sssembly of QD/lipids in solution:
500 µL solution of QD/lipids were incubated with 100 µL solution of 10 mM CaCl2.
The pH of the solution was dropped from 7.0 to 3.0 upon addition of CaCl2. The
QD/lipids were self-assembled to form asymmetric, microscopic aggregates as ob-
served using confocal microscopy SAXS as well as electron microscopy. The asym-
metric assembly of QD/lipids were also observed when the pH was reduced to 3.0
using 20 µL 1M HCl.
In-situ encapsulation of QD/lipids inside spherical vesicles and their
confined self-assembly:
Chloroform solutions of DMPC (1.5 mM, 30 µL), DPPA (1.5 mM, 70 µL), DSPE-
PEG2000-biotin (0.6 mM, 5 µL) and CdSe/TOPO QDs (5 µM, 10 µL) were mixed
and dried in vacuum for 4 h on an ITO (Indium Tin Oxide) coated glass slide
(Sigma). The DSPE-PEG2000-biotin was used for immobilization of vesicles for
imaging on the confocal microscope. The film was then hydrated at 60 oC by
incubating with 0.1 M sucrose and applying an alternating electric field of 1.2 V/10
Hz during the first 2 h for an effective swelling and then 2.0 V/4 Hz for the next
hour for an easy detachment of the formed vesicles (Fig. 5.4 b& c). The fluorescently
filled vesicles thus obtained were characterized using FCS, confocal microscopy and
electron microscopy. Addition of 100 µL solution of 10 mM CaCl2 lead to the self-
assembly of QD/lipids into microscopic aggregates inside the vesicles. They have
been characterized using confocal microscopy and electron microscopy.
5.5.1 Characterization
Confocal Fluorescence Microscopy:
The confocal microscopic observations were performed on a Confocor-3 microscope
(LSM 510, Zeiss; excitation = 488 nm, emission = 505 - 550 nm). (Fig. 5.5a-c show
representative confocal images obtained from typical preparation of QD/lipids. As
depicted in Fig. 5.5a, the QD/lipids formed a highly fluorescent solution without
any detectable microscopic structures. This clearly shows that DPPA alone do not
form giant vesicles in the presence of hydrophobic QDs (see also Fig. 5.4a). The fact
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Figure 5.5: Confocal fluorescence micrographs showing QD/lipids. (a)
QD/lipids formed from 100% DPPA (scale bar=10 µm). Representative confocal
cross-section images of in-situ formed QD/lipids inside DMPC vesicle at a lipid
mixture of (b) 70:30 DPPA:DMPC (scale bar=5 µm), and (c) 30:70 DPPA:DMPC
(scale bar=5 µm). (d) For comparison, a representative confocal cross-section
image of a QD labeled hybrid vesicle formed from 100 % DMPC is shown (scale
bar=10 µm). All the confocal micrographs were obtained at room temperature in
0.1 M glucose at pH 7. The intensity profiles of the cross-sections are shown in
(e-g), where (e) corresponds to (b), (f) corresponds to (c) and (g) corresponds to
(d).
that the solution is highly fluorescent underlines the formation of QD/lipids from
the TOPO-coated hydrophobic CdSe QDs.
We have extended the formation of QD/lipids into a confined system as can be seen
in Fig. 5.5 b-c. When 30 % DMPC was added into the reaction mixture (DMPC is
known to form lipid vesicles in water), formation of giant vesicles encapsulated with
in-situ formed QD/lipids were observed (see also Fig. 5.4b). Biotinylated vesicles
containing QD/lipids in 0.1 M sucrose were incubated on a glass coverslip, which was
pre-treated with 0.1 mg/mL avidin, in 0.1 M glucose. The glucose solution was used
to keep the osmotic pressure balanced while allowing quick settling of vesicles. In
this image the vesicle bilayer is completely invisible owing to the fact that most of the
QDs used in the reaction mixture contributed in the formation of small QD/lipids
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structures which are contained inside of a giant vesicle. The fluorescence intensity
profile of this image (Fig. 5.5 e) shows that the fluorescence is constant throughout.
Increasing the ratio of DMPC in the reaction mixture resulted with vesicles as shown
in Fig. 5.5 c-d. A lipid mixture containing 70% DMPC and 30% DPPA resulted
with vesicles as shown in Fig. 5.5 c where the bilayer membrane is clearly visible
compared to Fig. 5.5 b. The fluorescence intensity profile of this image (Fig. 5.5
f) shows that the fluorescence signal is higher at the bilayer membrane than the
interior of the vesicle. This is due to the high ratio of DMPC in the reaction
mixture that is responsible for the formation of vesicles (see also Fig. 5.4c). Fig. 5.5
d and the corresponding intensity profile shown in Fig. 5.5 g shows a typical empty
HV formed under similar conditions, which further confirms that the fluorescent
material observed in Fig. 5.5 a-c are lipid modified QDs.
Fluorescence Correlation Spectroscopy:
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Figure 5.6: FCS curves of QD/lipids. FCS autocorrelation curves of a free
solution of QD/lipids formed from 100% DPPA (green) that has same diffusion
as free CdSe QDs in toluene (black scattered lines). This indicates that the QDs
in the former case have only very slight surface modification; i.e., a monolayer
of DPPA molecules around the TOPO coating of the QDs. The autocorrelation
curve obtained from similar QDs in the bilayer membrane of HVs (red) is shown
for comparison.
Further confirmation about the difference in the organization of QDs with DPPA
(charged) and DMPC (neutral) lipids has been obtained from fluorescence correla-
tion spectroscopy (FCS). The samples were excited at 488 nm with an argon ion
laser ( 3 kW/cm2), and its fluorescence was detected through a pinhole (70 µm
diameter) and a 505 nm long-pass filter. The excitation intensity was adjusted to
maximize the detected counts per particle. For each series of FCS measurements, a
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standard calibration was performed using Rhodamine 6G in PBS solution at pH 7.4
( [166]). Fig. 5.6 shows the measured auto-correlation functions (ACFs). The ACF
of the QD/lipids showed entirely different diffusion compared to the QDs in the
HVs of DMPC. QD/lipids diffuse very fast as free QDs in toluene compared to their
diffusion when organized inside HV membrane. The speed of QD/lipids were two
times slower than conventional organic dyes usually observed in FCS experiments.
These findings give additional proof that the fluorescent solution of QD/lipids do
not contain any small vesicles but lipid coated individual QDs.
5.5.2 Directed self-assembly of QD/lipids
a) b)
c) d)
Figure 5.7: Confocal fluorescence micrographs showing self-assembled
QD/lipids structures. Addition of 100 µL, 10 mM CaCl2 into (a) QD/lipids in
solution (as in Fig. 5.5 a) resulted in asymmetrically organized fluorescent struc-
tures (scale bar=10 µm) and (b) into in-situ formed QD/lipids enclosed in a 70:30
DPPA:DMPC (scale bar=10 µm) vesicle as in Fig. 5.5 b. The effect of pH is
illustrated in the following figures (c-d). Addition of 20 µL, 1 M HCl into 500
µL solution of QD/lipids resulted with two different kinds of assembled structures
(scale bars=5 µm (c) and 10 µm (d)).
Addition of Ca2+ ions to QD/lipids have resulted aggregation of material (Fig. 5.7)
along with a sudden disappearance of background fluorescence was observed using
confocal microscopy. The aggregation was observed in solution as well as in confined
volumes inside vesicles. Fig. 5.7 a shows long, asymmetric structures of QD/lipids
that has maximum optically resolvable diameters of 200 nm. This means that the
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actual diameter of these structures could be any number below 200 nm. The pH
of the solution after addition of CaCl2 was 4. Similar asymmetric structures were
observed when the pH of the solution was brought from 7 to 3 in the absence of
Ca2+ ions. As can be seen in Fig. 5.7 c, addition of 20 µL, 1 M HCl into 500 µL
solution of QD/lipids has predominantly resulted in aggregation of material into a
rod-like structure. But in this case, the rod-like structures were not as extended as
in the case with Ca2+ ions (Fig. 5.7 a). Fig. 5.7 d shows another area of the same
sample that shows random aggregation of QD/lipids.
Transmission electron micrographs (TEM) of non-aggregated QD/lipids are shown
in Fig. 5.8 a&b which resembles typical TEM images of surfactant coated individual
QDs. This further proves the formation of individually coated QDs when DPPA
is used in the reaction medium. The directed self-assembly observed in confocal
microscopy also is further proved by TEM image shown in Fig. 5.8 c.
a) b)
c)
Figure 5.8: Transmission electron micrographs showing self-assembled
QD/lipids structures. (a) QD/lipids show individual QDs as observed using
CdSe-TOPO QDs (scale bar=5 nm). (b) shows a high resolution image of an
individual QD/lipid (scale bar=3 nm). (c) Addition of 100 µL, 10 mM CaCl2
into QD/lipids in solution resulted in asymmetrically organized structures (scale
bar=100 nm).
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Extending the directed aggregation of QD/lipids in bulk volumes to nano/femtoliter
volumes inside vesicles of DMPC has shown interesting effects. As depicted in
Fig. 5.7 b, a precipitation of fluorescent mass was observed upon addition of 100
µL, 10 mM CaCl2 solution into immobilized giant vesicles that has been formed
with in-situ encapsulation of QD/lipids. The vesicles were suspended in 300 µL
glucose solution. The vesicles used in this experiment were produced from 70:30
DPPA:DMPC mixture and thus having encapsulated QD/lipids as seen in Fig. 5.5
b. Unlike PC membranes, vesicular bilayers containing PA are more prone to Ca2+
ion permeability [195]. In the case of Fig. 5.5 b, though majority of DPPA lipids
would contribute to the surface modification of QDs to result QD/lipids, a few
percentage might be ordered in the bilayer along with DMPC that is responsible for
the vesicle formation. The permeability of Ca2+ ion would otherwise not happen.
For the ease of illustration, we have used giant vesicular structures, but the same
could be tried at vesicles as small as 25 nm carrying attoliter volumes inside, which
allow one to carry out sensing of tiny amounts of ion influx.
5.5.3 Discussion
The surface modification of TOPO coated CdSe QDs was achieved using a negatively
charged phospholipid, DPPA. This approach not only gives an easy phase transfer
into water but also several other possibilities by exploiting the phosphatidic acid
moiety around the QDs.
A naturally arising question at this point is why do charged DPPA induce the
formation of QD/lipids (Fig. 5.3) and DMPC and other neutral lipids form bilayer
HVs (Fig. 4.11) when phospholipids interact with hydrophobic QDs? Our hypothesis
to this question is the following: due to energetic reasons, DPPA molecules prefer
to arrange themselves around QDs as it would reduce the repulsion between the
negatively charged headgroups compared to when they arranged in a vesicle bilayer.
The latter indeed need more closer molecular packing compared to the formation of
QD/lipids. This together with the intrinsic nature of PA lipids to form nonbilayer
structures results in the formation of QD/lipids.
Firstly, the directed assembly of QD/lipids opens an additional route to obtain re-
versible mesoscale ordering of tiny particles in complementary to already established
DNA, polymer etc based organization. The multiple stimuli (i.e., Ca2+ ions and pH)
used for the assembly gives more control over the system. The method illustrated
here could be extended to other kinds of particles such as metallic and magnetic
nanocrystals. As has already been discussed earlier, the construction of nanocrystal
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based functional devices requires components that are handy and manipulable. Our
approach provides an easy and reversible method that will contribute in producing
such building blocks from different kinds of hydrophobic nanocrystals.
Secondly, the effect of Ca2+ ions observed inside lipid vesicles is remarkable in several
aspects. From the biological point of view, the ion permeability across cellular
membranes is a very important property to study as it controls many vital processes
in living beings. Biophysicists thus study the ion permeability across lipid bilayers
in model membrane systems. Extending the precipitation carried out in Fig. 5.7 b
into small size vesicles ca 25 nm, it could be used as a Ca2+ ion sensor at attoliter
volumes. It also demonstrates that precipitation can be performed and observed in
these attoliter sized vesicle.
The mechanism of the assembly of QD/lipids could at least be the followings: (1)
The Ca2+ ions act as bridging agents between the negatively charged QD/lipids and
thus enabling ordering of QD/lipids as observed in the case of random assembly
(Fig. 5.9 a). (2) DPPA are known to form hexagonal phases in the presence of
Ca2+ ions as well as at acidic pHs [72], [194]. The observation of extended rod-like
structures could be due to the formation of hexagonal I phases of DPPA, which
additionally couple together using Ca2+ ions resulting micrometer long structures
(Fig. 5.9 b). The reason why we believe that the formed hexagonal phases are
hexagonal I than hexagonal II is the following: resulting QD/lipids are completely
soluble in water which imposes formation of hexagonal I phase as otherwise would
not be able to solubilize the hydrophobic QDs (see Fig. 1.10 of 1.5.2). We speculate
that the organization observed inside vesicles also follows a similar mechanisms. In
order to discriminate the exact mechanism happening both inside vesicles and in
free solution, more careful studies such as freeze-fracture EM as well as small angle
x-ray scattering etc are needed.
Lastly, it is important to note here that along with all the possibilities mentioned
above, one should consider the novelty of the basic lipid/QD moiety that we pro-
duced. It can be considered as a fluorescently labeled lipid. Only difference com-
pared to commercially available fluorescent lipids is that here we have multiple
DPPA molecules around single QD. Also, fluorescently labeled lipids are very limited
in terms of available headgroups. Considering the biological relevance of phospha-
tidic acids [196], [197], [198], our QD/lipids offer many possibilities to the researchers
working in this field. So far, almost all studies were restricted to use spectroscopic
techniques as illustrated by the published works in this field. Our QD/lipids would
definitely offer the use of fluorescence microscopy for both in-vitro and in-vivo stud-
ies. For example, lysophosphatidic acid induced neuronal shape changes [198], phos-
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phatidic acid mediated inhibition of insulin receptors [197], effect of phosphatidic
acid on recombinant protein production observed in CHO cell-lines [196]etc could
potentially profit from highly fluorescent DPPA structures. Being considered“seeing
is believing”and the growing importance of fluorescence microscopy as an important
tool in biological studies, researchers could definitely profit from our QD/lipids.
5.5.4 Perspectives
In short, we have developed an easy and versatile method to make water soluble,
functional lipid coated QDs. They were found useful in making self-assembled meso-
scopic structures that can be controlled by multiple stimuli such as ionization and
pH. Indeed, detailed studies on the organizational properties need to be performed
in order to draw a better conclusion of the observations discussed in this chapter.
However, the easy experimental approach and possibility of multiple stimuli to in-
duce assembly of QDs into mesoscale aggregates seem to be very promising. The
method could be extended to any kind of hydrophobic nanocrystals depending on
the application. The designed QD/lipids will be equally useful for many researchers
working in chemical, cellular as well as biophysical areas.
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Figure 5.9: Illustration of possible mechanisms of the directed self-
assembly of QD/lipids. The negatively charged QD/lipids were either assembled
upon addition of Ca2+ ions (to the right through a) or formed hexagonal phase
directed assembly upon reduction of the solution pH (down through b).
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Chapter 6
Conclusion
This thesis demonstrates the enormous possibilities of phospholipid membranes in
the development of novel functional nanomaterials:
The template directed synthesis of nanoscopic optical fibers achieved during this the-
sis work provides an easy, room temperature synthetic route to produce novel, single
crystal, high aspect ratio nanowires. Though many other (bio)chemical molecules
and structures have been used as templates for the synthesis of 1D nanostructures,
our approach shows, for the first time, that such high aspect ratio functional nanos-
tructures could be produced at room temperature. The combination of optical and
electron microscopy techniques provided us a powerful approach to understand the
growth mechanism and properties of the resulting nanofibers.
The fabrication of hybrid vesicles based on phospholipids and semiconductor QDs
has created novel micro/nano structures that have been found useful in many cellular
applications in-vivo and in-vitro. The successful incorporation of QDs in the bilayer
membrane of phospholipids resulted a multifunctional nanocontainer that can be
modified for specific applications. The two different constructs fabricated from such
hybrid vesicles showed extreme control over cellular targeting as described in chapter
4. The possibility of using other kinds of nanocrystals individually or as ensembles
in single nanocontainers would find several interesting applications in nanobiotech-
nology.
The directed self-assembly of fluorescent QDs discussed in chapter 5 shows another
example of using conventional lipid-chemistry in the development of handy func-
tional materials from tiny building blocks such as nanocrystals. The multi-stimulus
that has been used to induce the assembly of QDs in bulk solution as well as in
confined volumes make our approach more attractive in terms of controllability.
Taken together, this thesis work shows that the rich variability of the lipid hy-
drocarbon chains that results in numerous lyotropic and thermotropic phases and
lipid polar headgroups that bind selectively and reversibly certain cations if tuned
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well could be used for the fabrication of novel, functional materials that will find
enormous applications in future optoelectronic, biomedical, nanobiotechnology ap-
plications.
The use of lipid structures for the creation of functional nanocrystals is gaining much
interest due to the extreme biocompatibility and tailorable surface functionalities
that enables their use in several biological applications in-vivo and in-vitro.
Abbreviations
AFM atomic force microscopy
Au gold
CCD charge coupled device
CdCl2 cadmium chloride
CdS cadmium sulfide
CdSe cadmium selenide
CNT carbon nanotube
Cryo-TEM cryogenic transmission electron microscopy
DLPC 1,2-dilauroyl-sn-glycero-3-phosphocholine
DLPSH 1,2-dilauroyl-sn-glycero-3-phosphothioethanol
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPG 1,2-dioleoyl-sn-glycero-3-phosphoglycerol
DOTAP 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt)
DPPA 1,2-dipalmitoyl-sn-glycero-3-phosphatidic acid
DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine
ED electron diffraction
FCS fluorescence correlation spectroscopy
FRET fluorescence resonance energy transfer
GUV giant unilamellar vesicle
HEK human embryo kidney
HV hybrid vesicle
LSM laser scanning confocal microscopy
LUV large unilamellar vesicle
MLV multilamellar vesicle
MRI medical resonance imaging
NP naoparticle
NW nanowire
PA phosphatidicacid
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PBS phosphate buffered saline
PC phosphatidylcholine
PE phosphatidylethanolamine
PEG polyethylene glycol
PEG-biotin 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-N-[biotinyl
(polyethyleneglycol)2000] (ammonium salt) or DSPE-PEG2000-biotin
PEG-PE 1,2-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine-N-[methoxy
(polyethyleneglycol)2000] (ammonium salt) or DPPE-PEG2000
PS phosphatidylserine
QDs quantum dots
SEM scanning electron microscopy
STM scanning tunneling microscopy
SUV small unilamellar vesicle
TEM transmission electron microscopy
TOPO trioctylphosphinoxide
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